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Learning Objectives
This course book explores the fundamental concepts behind the emerging field of soft robots, including their analysis and modeling. The objective is to introduce students to a relatively new domain of robotics by providing a wide range of knowledge, from a theoretical basis of soft robots to their state-of-the-art real-world applications.
The first part of Soft Robotics focuses on actuators and sensors for soft robots. Various materials and technologies unlocking the potential to deform these robots are discussed. Meanwhile, the modeling techniques and control strategies for soft robots are discussed.
The last part of the course gives an overview of some of the applied contexts of soft robots in various evolving domains, including for biomedical, underwater, aerial, and chemical purposes. Upon successful completion of the course, students should be able to identify where soft robots offer a better solution compared to traditional rigid link robots, analyze common structures of soft robots, and examine the best choice of soft robot technology for a specific application.






Unit 1 – Introduction

Study Goals

On completion of this unit, you will be able to …

… differentiate between rigid and soft robots.
… recognize challenges in the design, control, and deployment of soft robots.
… discover the recent trends in the research and development of soft robotics.
… infer the wider applied context of soft robotics.

1. Introduction
Introduction
The domain of robotics has advanced rapidly, diversifying applications, where robots have transformed technology or reshaped traditional procedures. This has been possible due to innovative and emerging types of robots.
[bookmark: _Toc221687482]1.1 Soft Robots
Traditionally, a robot is made up of a rigid material with little or no compliance. Owing to their solid structure (usually made up of a steel or cast iron), these robots are well-suited to perform heavy-duty tasks. In contrast, the robotics community has recently explored the use of nature-inspired soft materials for creating integrated robots. The primary objective behind this drive is to unleash the robustness and versatility potential of biological organisms and to offer safer human-machine interactions.
Scientists and roboticists have extracted useful information from the natural mechanisms, which has then been used for developing the next generation of robots – soft robotics. Excepting bones and teeth, it is insightful to draw observations from muscles and cartilage to infer that flexible and soft materials stand as nature’s preference. The term “softness” includes the compliance related to material, as well as the structure of the robot itself (Wang et al., 2017).	Comment by Kiviniemi, Leena: For all side notes, please identify the coordinating term in the body of the text using bold. Soft robotics
This is a new domain of robotics that deals with the emerging solutions to interactions with the environment while exploiting inherent and/or structural compliance.

Soft robots extend the design opportunities of the conventional robots in an applied context. Soft robots are a natural choice in a diverse range of applications where collaborative or industrial robots cannot be safely used. The figure below illustrates a conventional rigid-link robotic manipulator and a soft robot. The manipulator is a vertically articulated anthropomorphic robot shown with its associated electronics; actuators (DC motors); and sensors (motor encoders, force sensing resistor, and camera).
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	Figure: Robots (a) Conventional rigid (b) Soft	Comment by Kiviniemi, Leena: Please only translate graphics in the separate graphics template, not in the translated document. 


Source: 
a) Manzoor et al. (2014). Used with permission. 
b) Oregon State University (2023). CC BY SA 2.0.
While conventional robots use rigid components (sensors, actuators, torque/force transmission mechanisms, etc.), soft robots involve pliable and compliant materials, surfaces, and structures. These materials include, but are not limited to, silicone, polymers, elastomers, smart materials, gels, and shape-memory alloys (SMA). Four common types of soft robots include collaborative robots (also referred to as cobots), soft grippers, exoskeletons, and inflated robots. The biological organisms that have the potential to inspire soft robotics research are diverse, as illustrated in the figure below.
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Figure:  Few representative biologically-inspired examples .
Source: Jamshed Iqbal (2023).  
The instrumental feature behind the enormous potential of soft robots is compliance matching, which ensures an even distribution of internal loads and minimizes the concentrations of acting stress (Majidi, 2014). The mechanical rigidity or stiffness of a solid body is measured by Young’s modulus (E). To get an idea of the numbers, steel has a modulus , while muscle tissue has . The significant difference between the modulus of steel and tissue indicates that they are not fit to match with one another. Thus, it is intuitive that conventional rigid robots are not adaptable and may pose a danger during human-robot interactions. In contrast, soft robots offer much safer interactions, thanks to compliance matching. Soft robots employ materials within a similar stiffness range as that of muscle tissue or biological skin. An intuitive comparison between soft robots and their conventional counterpart is presented in the following table.Compliance matching 
It is a process to ensure that materials that come into contact with one another have identical mechanical rigidity.

Table: Parametric comparison of conventional robots made up of rigid materials and soft robots. Source: Jamshed Iqbal (2023).  
	
	Conventional robots
	Soft robots

	Exceptional flexibility	Comment by Kiviniemi, Leena: Please recreate any editable tables in the translated document. They are not included in the graphics template. 
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	High versatility
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	Safer human-robot interaction
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	Low cost
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	Simple structure
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	Adaptability to wearable devices
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	Requiring simple protection/stability control algorithm
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	Made to perform in unstructured environments
	
	[image: Free vector graphics of Check mark]

	Compliance matching
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	High strength: Ability to withstand heavy loads
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	Ease and simplicity in accurate modeling
	[image: Free vector graphics of Check mark]
	

	Precise control
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The highly inter-disciplinary nature of soft robotics involves diverse fields from both engineering and science, as illustrated in the figure below. This new generation of robots has an enormous potential in applications involving cluttered, unsafe, and dynamic environments for grasping and manipulating objects with complex structures, navigating on uneven surfaces, and interacting with humans in situations involving serious security concerns.
[image: ]
Figure: Soft robotics involves diversity of fields from Sciences and Engineering.
Source: Jamshed Iqbal (2023).
Self-Check Questions
1. Please list three potential benefits offered by soft robots. 
· safety
· flexibility and adaptability
· simple structure
· low-cost
1.2 Challenges
Soft robots accomplish tasks involving safe interaction, sophisticated navigation, and complex manipulation with reduced computation, sensors, and actuators when compared with rigid robots. Given that the domain of soft robotics is still in its infancy, various research and development avenues related to modeling, design, control, and fabrication of soft robotic systems are being explored in robotics community. These avenues open up entirely new design spaces and facilitate novel ideas surrounding robotic systems in an attempt to address the challenges associated with soft robots. The key challenges are illustrated in the figure below.
[image: ]
Figure: Key challenges associated with soft robotics
Source: Jamshed Iqbal (2023).
Materials
The benefits offered by soft robots due to their flexible material also entails several challenges. These robots interact with the environment and respond to their loads on the basis of the material’s inherent properties instead of fully responding to sensory inputs. Thus, undesired deformations or unanticipated responses (e.g., sagging) may be observed. Rethinking out-of-the-box, human-friendly materials and innovative fabrication technologies can potentially open new avenues of research in soft robotics, ensuring body acceptance and system functionality. The key challenge is to compliantly match to biological structures and for that, new materials and combinations of various existing materials are under investigation. The guidelines for compliance matching human muscle fibers, as reported in Mirfakhrai et al. (2007), include the following parameter values:
· strain >40%
· maximum strain rate of 500%/s
· body able to withstand stress up to 0.35 MPa
· Young’s modulus of 10-60 MPa
· an energy density of 8 kJ/m3
While some of these properties are fulfilled by existing materials, there is currently no material that can meet all of these requirements. The challenges of using materials in the biomedical sector are related to identifying and integrating emerging smart and soft materials that consider biomimicry, biocompatibility, and adjustable stiffness.
Modeling
Conventional robots made up of rigid materials are usually modeled as discrete joints for simplicity, ease, and accuracy in modeling. However, owing to the use of flexible materials to permit continuous deformation, soft robots offer a challenge in accurate modeling of their mechanical behavior. The design of soft robots calls for the need to derive and develop accurate and robust numerical models. Such models should be fully capable of adequately representing the mechanics of the robot and offer behavioral simulation, rigorous analysis, and design optimization.
Actuation
Using flexible and smart materials in the construction of soft robots leads to inherent limitations, including relatively low levels of output force/torque and low actuation speeds. Several examples are found in nature of flexible organisms that exploit mechanical instabilities for storing and then abruptly releasing energy. Inspired by nature, the research community has recently proposed techniques for overcoming the limitations of soft robots based on mechanical instabilities (Pal et al., 2021). These instabilities involve fast transitions from structurally stable states to amplify the output power at high actuation speeds (Pal et al., 2021).
In the biomedical sector, rehabilitation and motion assistive devices pose the same challenges (i.e., to provide the required force levels to displace limb mass). Thus, it is a common expectation for robotics-based systems to provide muscular support. This is indeed a blessing for patients who are recovering from motor impairment or painful surgery, for example. Currently, the technology is not equipped for remaking muscles and soft tissues. Most of the existing soft robot muscles are not applicable to these conditions, since they involve bulky actuators with external pumps. In addition, the applications involving long-term deployment of soft robots in human bodies may trigger immune responses. This challenge highlights the need for actuator material to reasonably include the mechanical properties of living tissues.
Electronics and Control
Today’s submicrometric-sized electronics are fabricated using rigid materials, which are well-suited to supporting conventional rigid robots. However, they are not adaptable and, therefore, limit the motion and autonomy of soft robots. In the future, micro-electronics may be made up of soft and flexible materials; however, until then, soft actuators will continue to be controlled by rigid micro-controllers or micro-processors. Given this challenge, soft robots can be made autonomous if they carry their own support equipment (rigid). These hybrid robots are highly capable of demonstrating potential in applied contexts, which is not possible for either “soft” components or “hardware” equipment alone.
In most of the applications including prosthetics, the key challenge is to precisely distribute the necessary amount of compliance. In addition, the control of soft robots is complex and difficult due to their infinity degrees of freedom. These challenges necessitate exploring innovative mechatronics technologies and for the design of soft robots to be rethought based on control, sensing, and computing perspectives.
Self-Check Questions
1. A soft robot can be made up of which of the following? Please mark the correct statement(s).
· gel
· 3D printed soft plastic
· fluids
· elastomers
· metal
1.3 Trends
Interestingly, the advancements in soft robots began long before the term “soft robotics” itself originated in the scientific community. While it is useful to understand the history of soft robotics, the future potential in this field is evident from the financial and technological trends detailed in this section.
History
The history of soft robotics dates back to the 1950s, when pressure-based extensional devices (specifically, McKibben’s artificial muscles) were developed. The history of the domain is summarized in the following table with notable works mentioned.
Table: Brief history of soft robotics.
Source: Jamshed Iqbal (2023).
	Year
	Development
	Remarks

	1950s
	Work on discovery of soft robotics started.
	Pneumatic artificial muscles were developed for artificial limbs.

	1970s
	Concept of soft-material robotics was introduced.
	Robotic-based grippers based on granular materials were proposed.

	1980s
	The idea of pneumatic artificial muscles was commercialized. 
	A Japanese company ‘Bridgestone rubber’ commercialized under the brand Rubbertuators.

	1980s-90s
	Diverse soft materials were used in robotics
	These include fluids, elastomers and gels.

	2008
	Term ‘Soft robotics’ was introduced 
	The term emerged with reference to research on compliant joints.

	2010s
	Several biologically-inspired soft robots were proposed
	The aim was to explore and learn from nature about advantages of softness and flexibility to demonstrate adaptation.

	2011
	First soft robot was developed at Harvard.
	The first example of a useful soft device was a pentagonal gripper (Whitesides, 2018).

	2015
	Soft robotics was used to design a Direct Cardiac Compression (DCC) device at Harvard, reported in (Roche et al., 2015)
	The soft actuators were based on elastomeric fluid. The device was aimed at treating heart failures through direct mechanical assistance.

	2016
	First autonomous, entirely soft robot was developed at Harvard.
	The 3D-printed robot ‘Octobot’ was inspired by octopus and was controlled by microfluids. It was powered by a chemical reaction and did not have any electronics.

	2016
	First soft exoskeleton for lower extremity was reported in (Panizzolo et al., 2016)
	The light-weight robot ‘exosuit’ used ‘soft clothing’ with no rigid elements involved and offered unconstrained motion to the wearer.

	2016
	A hybrid robot using both soft and rigid components was reported in (Sfakiotakis et al., 2016).
	The robot ‘Squidbot’ permits deep-sea exploration by propelling itself with water jets just like a living underwater creature.



Financial Trends
Soft robotics is predicted to significantly benefit society and industry during the 2020s, since it offers major advantages over conventional robotics. In 2021, the size of the global market for the domain was $554 million and this is anticipated to increase to $4,805 million by 2030 (Straits Research Report, 2022). During the period 2020–30, the expected compound annual growth rate (CAGR) is around 31%, with Europe the fastest growing market (Straits Research Report, 2022). Medical and surgical applications are expected to continue driving the market growth in this domain. This trend has been further catalyzed by the recent COVID-19 pandemic, involving an urgent need to conduct medical procedures and healthcare practices with minimum human intervention, thereby reducing the risk of transmitting infectious diseases to medical workers.
The major players in the global market that will play a key role in future developments of soft robotics are listed in the table below. Please note that this is not an exhaustive list.
Table: A list of key players in soft robotics market arranged in an alphabetical order
Source: Jamshed Iqbal (2023).  
	Company
	Country
	

	AUBO Robotics Inc.
	China
	

	Bioservo Technologies AB
	Sweden
	

	Ekso Bionics Holdings, Inc.
	US
	

	Kuka AG
	Germany
	

	Rethink Robotics GmbH
	Germany
	

	ReWalk Robotics Ltd.
	Israel
	

	RightHand Robotics, Inc.
	US
	

	Roam Robotics
	US
	

	Soft Robotics Inc
	US
	

	Universal Robots A/S
	Denmark
	

	Yaskawa Electric Corporation
	Japan
	


Technological Trends
The robotics community is transforming science fiction into reality. Soft robotics is still an emerging domain where concepts are continuously translated from theory into practice. While tremendous progress has been already made, several challenges are yet to be addressed to achieve the full potential of soft robotics. Some of the key trends based on the market dynamics are listed below.
Driving factors
The three key driving factors behind soft robotics include increasing trends to adopt safe robots in medical and healthcare domains, the growing need for automation in food processing, and breakthroughs in the robotics industry.  
Several artificial soft robotic hands have been created over the last decade. However, few of these hands have been effectively applied for rehabilitation or motion assistance. Moreover, the development of soft robots for object grasping and manipulation is also pertinent to non-medical sectors, including in the food industry, for example. It is not overly futuristic (or optimistic) to imagine a soft robotic hand that is able to sense an object and then mold its shape to match the texture and geometry accordingly. Furthermore, wearable soft robotic devices and assistive systems are required to ensure smooth, safe, and effective contact while handling human body parts.
Design trends
Soft robots are generally run by pneumatic actuators, involving noisy compressors and hard valves. In contrast, artificial muscles mimic living mobility and dexterity due to their similarity to the natural muscles. In the medical sector, novel artificial muscles are being developed for patients suffering from ptosis, facial paralysis, and neurological grasping disorders.  Another active area of research in the medical sector is electro-adhesion and electroactive polymers. Shape and texture variations performed by electroactive polymers is another important trend, which can be explored to create skins that can sense pressure and touch. This feature finds potential in wearable systems by providing comfort and functional simplicity due to low skin resistance.
The discovery of microscopic actuators is anticipated to push forward the use of soft robots in industrial setups. These are inspired by the human body, where muscle fibers are actuated with multiple degrees of freedom. The existing soft robotic systems are volumetric and heavy and have an actuator associated with each degree of freedom.
Moreover, novel materials and state-of-the-art actuation and sensing mechanisms are currently being explored to achieve portability, biomimicry, biocompatibility, and functionality. The key idea behind body-part simulators and artificial organs is mimicking human tissues in terms of motion, properties, and function. With artificial organs, researchers are working on addressing the challenge of generated heat and the expulsion of exhaust gas. A future advancement could be to use a combination of materials for surgical tools and implants while taking advantage of the developments in tissue engineering. Furthermore, the worldwide trend of patient-customized medical solutions calls for a considerable revolution in the design of medical instruments.
Current technologies present a challenge to system designers in that they must compromise between dexterity (offered by soft components) and strength (provided by rigid materials).  Given the pros and cons of rigid and soft materials, a recent trend is to explore novel hybrid designs to reap the benefits of both kinds of materials. Hybrid designs can contain rigid components, such as links, and stiff components, like springs. An example is illustrated in the figure below, where two springs have been used in the design to create compliance in the joint.
A propitious strategy could involve the integration of variable stiffness components in the design of robotic solutions. Moreover, fusing soft robotics components with conventional robotics for creating optimal cooperation is another potential solution. The advancements in robotic symbiosis are expected to initiate breakthrough applications of soft robots in the near future, particularly in cases of injuries and emergency situations, such as floods, earthquakes, and fires.
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	Figure: A flexible joint robotic manipulator (a) CAD model (b) Fabricated prototype


Source: Alam et al. (2018). Used with permission.
Fabrication aspect
Soft robots operate in a diversity of environments and working conditions and, thus, are manufactured using different techniques. Thanks to additive manufacturing technology, soft robots can now be designed, molded, and fabricated easily with various material types.
The trend is to have lighter, smaller soft robots, since power source is the priority. Typically, soft robots are powered with batteries. However, a future bio-hybrid material or microscopic power source may enhance the biological compliance and could help in creating a lighter soft robot.
Collaborations
Soft robotics is still in its infancy, with several notable projects initiated in Japan, United States, Switzerland, and Italy. Researchers in Germany have also successfully applied some soft technologies to preliminary applications. Given the highly multi-disciplinary nature of this domain, advancements in related fields, like soft materials, computational intelligence, biomechanics, and biomimetics (among others) are explored jointly. Moreover, recently, industrial stakeholders have shown notable interest in the research, development, and commercialization of soft robots from an applied context.
Developments and advancements in this area call for strong collaboration and cooperation among engineers, material experts, biologists, chemists, clinical practitioners, physicists, and mathematicians to transform novel ideas into real-world applications. A common international forum and standardization in soft robotics will certainly help foster these advancements by addressing the associated challenges and tapping into the potential benefits of the domain. This collaboration and standardization will also help in mitigating the delays in the commercialization of soft robotics to a large extent.
Self-Check Questions
1. Please list three technological trends in soft robotics developments.
· exploring novel hybrid designs
· designing lighter, smaller soft robots
· exploiting state-of-the-art actuation and sensing mechanisms
· mimicking human muscles
· using additive manufacturing to fabricate soft robots
1.4 Applications
Soft technologies and integrated solutions provide lucrative growth opportunities for various markets. The soft and flexible nature of soft robots is anticipated to enhance their adoption in various activities for manipulation, locomotion and exploration, and human-machine interactions. Their compliance, biocompatibility, adaptability, and comfortability make them well-suited to future scientific, social, and industrial applications, where they have the potential to revolutionize existing robotics technology. These applications include, but are not limited to, healthcare, advanced manufacturing, logistics and automotive industries, and the food industry.
[image: ]
Figure: Prominent applications of soft robotics
Source: Jamshed Iqbal (2023).  
Healthcare
Research and development in soft robotics has primarily been driven by the healthcare sector and this trend is anticipated to continue for the next decade.  Soft robots offer compact design and a cost-effective solutions. More importantly, these robots can carry out effective procedures while ensuring safe environments for patients and healthcare staff alike. Another reason for the wide adaptation of soft robotics in the healthcare sector is the immense need for rigorous, task-specific training instead of conventional approaches. The diverse applications of soft robots in the healthcare sector are evident in the figure above.
Robots are now employed in surgical processes and post-surgical cure. The limitations of open surgery and laparoscopy and the emerging benefits offered by robot-assisted surgery are related key drivers. The safe interaction of soft robots with tissues and other body organs is the main reason that these robots are gradually replacing conventional surgical procedures. Moreover, soft materials, like super-elastic; biocompatible; and soft, 3D-printed plastic offer a high level of safety during surgical procedures. These materials permit changes in the mechanical properties and shape of the robot when touched, hence increasing safety.
Thanks to compact and flexible robots with intuitive graphical user interfaces, surgeons are now able to execute complicated surgeries with great ease. Owing to the inherent compliance of soft robots with human tissues, soft robots are now used in minimally invasive surgery (MIS) methods, for example, single port laparoscopy. These robots can overcome the constraints imposed by conventional MIS procedures (including limited degrees of freedom) and offer a surgeon access to parts of the body that were previously inaccessible using traditional techniques. The variation in flexibility of these robots, due to variable stiffness mechanisms, can be tailored to offer the required level of comfort to the patient. Furthermore, research in the healthcare sector is anticipated to develop MIS devices that are cost-effective, disposable, and patient-specific, thus highlighting progressive growth opportunities for soft robotics. The robot-assisted surgery is anticipated to benefit from rising chronic diseases, such as orthopedic, gynecological, urological conditions.
Advanced Manufacturing
Soft robotics is expected to experience the second-highest amount of growth in the advanced manufacturing industry, where soft robots are ideally suited to accomplishing dynamic tasks in rough or unsafe environments, especially those involving human interaction. Soft robots offer flexible and cutting-edge low-cost solutions for manufacturing in avionics, pharmaceutical, and medical sectors. Robotics-based automation and novel additive manufacturing techniques are also replacing traditional production processes in consumer goods, prototyping, and automotive industries.
Conventional robots commonly used in advanced manufacturing are rigid manipulators. However, some tasks require human hands and soft robots offer an adequate alternative, owing to their ability to mimic human hand motion. Moreover, during product assembly operations, human workers are prone to injuries, which can be minimized by using soft robots while improving productivity with improved performance. Soft exoskeleton systems are an emerging solution for protecting industrial workers from pain and injuries while interacting with bulky loads or lifting items repeatedly. Moreover, recently developed soft-exoskeleton-based wearable robots can assist in walking by reducing the metabolic cost. In addition, some soft robots can reconfigure their shape to navigate through hurdles and passages that may be inaccessible for rigid robots or humans.
Logistics and automotive
During recent years, the Internet of Things (IoT) and technologies inspired by artificial intelligence (AI) are booming. The adoption of these technologies in logistics is anticipated to cause a surge in the global market for soft robotics. Wearable soft robots for hand and upper/lower extremity soft exoskeleton systems can assist warehouses workers in performing their tasks efficiently and effectively with reduced risk of injuries and physical stress. In contrast to traditional rigid-link exoskeletons, soft exoskeletons are lightweight and actuated with McKibben muscles (the pneumatic artificial muscle). Owing to their compliance, soft exoskeletons are able to adapt to the complex and smooth movements of the human body, thus providing a comfortable and safe solution to the workers. For applications requiring a robotic hand to manipulate items in an industrial setup (e.g., logistics), compliance is integrated into the underactuated robotic hand, thus enhancing its functionality. Moreover, snake-like soft robots can be used for logistics on uneven paths and complex and constrained passages.
In the automotive sector, soft robotics has had some recent applications. Soft robots are used to enhance passengers’ comfort during a journey. A soft robotic module can be integrated into the driver or passenger’s seat, adjusting the distribution of pressure on the seat and changing postures in case of prolonged sittings.
The outcome of applying soft robotics to vehicles is predicted to be a game-changer. A prominent example is the Mercedes-Benz AVTR, which attempts to make the vehicle look like a living organism. The movable bionic flaps mounted on the rear of the car resemble a mythical creature and move in sync with the vehicle. Moreover, the soft and gentle animal-paw-like wheels permit crawling sideways by 30 degrees.
Food and Beverages
[bookmark: _Hlk126831471]The worldwide population has already reached 8 billion. This rapidly growing population has led to constant challenges regarding food provision. It is anticipated that the food demand will surge from 59% to 98% by 2050 (ThinkML Team, 2022). Furthermore, between 2002 and 2014, shortages of farm labor led to a lost annual revenue of $3 million (ThinkML Team, 2022). These startling numbers provide a concrete rationale behind employing soft robots for promoting automation in food handling, processing, and packing.
Handling and packing food are laborious and tedious tasks. Conventional rigid robots are prone to mishandling and damaging fragile food items. Soft and flexible robots provide automated solutions for grasping and holding such fragile items, mimicking a human hand. Moreover, when the work needs to be changed, soft robots can be reintegrated and reprogrammed in a relatively easy way compared to rigid robots, thus saving costs and time. This potential benefit is also relevant to other industries, like manufacturing and consumer goods.
The role of robotics in general and soft robotics, in particular for food automation, has been intensified by the COVID-19 pandemic, which significantly disturbed global food production and supply chains. Robotics-based automation has the potential to meet workforce shortages and meet high standards of food safety in processing and packaging environments. There was a substantial shift in traditional processes toward an “automation in process” strategy for sustaining the food supply chain. Moreover, pneumatically actuated soft grippers capable of safely and hygienically handling fragile foodstuffs are an ideal choice to avoid disease transmission. In mid-2021, a key player, Soft Robotics Inc., raised $10 million for exploring soft grasping, AI, and 3D perception algorithms (Modor Intelligence, 2022).
Miscellaneous
Advancements in various domains have enhanced the application of soft robotics, even beyond medicine and the other industrial setups listed above. Soft robots are now applicable in harsh environments, for example, in snow or reef-building corals. They have a potential in underwater and aquatic propulsion, space, aerial, exploration, e-commerce, and various other environments.
Climbing soft robots are used for search and rescue operations and for buildings inspection and maintenance, for example. Usually inspired by caterpillars, the robots can crawl through difficult and unknown terrains and cover great distances. Moreover, owing to their ability to squeeze, soft robots can navigate through pipes and other structures quite comfortably. Taking inspiration from snakes, the motion of the robot is based on the contraction and expansion of its cylindrical body. In e-textiles, pneumatic-actuator-based soft robots relying on shape changes have the potential to help a person to wear “smart” clothes.
Self-Check Questions

1. Which of the following tasks can a soft robot not be used for. Please mark the correct statement(s).
· lifting a heavy metallic block
· providing precise grasping
· delivering medicines inside the body
· offering unconstrained motion to the wearer

Summary
Conventional robots are made up of rigid materials and structures. Their textures are hard and tough and they are not adequate for safe human-robot interactions. Over the last two decades, robotics has been inspired by biology and, thus, a new sub-domain known as “soft robotics” has emerged. Various “soft” terminologies and concepts have been established, including soft materials, soft structures, soft actuators, and soft sensors.
Soft robotics focuses on technologies and techniques that mimic living organisms (humans, plants, and animals). It is a fast-growing and highly inter-disciplinary field involving bendable, flexible, and smart robots for diverse applications. The key aim in achieving soft robots is not to create extraordinarily precise systems. Instead, they are mostly made to handle real-world problems. Thus, soft robots are not meant to replace conventional rigid robots; instead, they extend the design opportunities of conventional robots in an applied context.
Soft robotics is still at its very early stage of development and is far from commercialization. Progress in this domain requires extensive research, prototyping, experiments, and developments to address the associated challenges by improving the functionality and performance of soft robots. Moreover, hybrid structures involving a combination of soft and rigid robots need to be explored for many important applications.



Unit 2 – Actuators

Study Goals

On completion of this unit, you will be able to …

… identify materials for soft actuators and their properties.
… classify various types of soft actuators.
… identify real-world examples of soft actuators.

2. Actuators
Actuators are one of the most important components for the development of robotic systems. When an actuator exerts a force or torque, this is referred to as actuation. The selection of actuation principles is instrumental in determining the weight, size, and performance of a robot; the location and type of sensors; power requirements; control logic; and associated electronics.
2.1 Soft Actuators and Their Classification 
Conventional robots made up of rigid materials mostly rely on displacing joints to move hard kinematic links. The actuators for conventional robots work on the principles of fluidic or electric theory. Thus, it is very common to find motors (with or without gears), hydraulic or pneumatic actuators, and other discrete accessories for the actuation of these robots. Though less frequent, electroactive polymers (EAPs) can also be used to drive a conventional robot. Some of the actuators for conventional robots are capable of providing superior energy levels (for example, around 10 kW kg–1 for jet engines) with exceptional mechanical stability. However, motors are bulky and do not usually offer higher energy density, while it is challenging to use a small footprint to design a large contractile stroke (Ricotti et al., 2017). Both hydraulic and pneumatic actuation involve a cumbersome mechanism to activate the actuator. In the case of an EAP, a voltage of very high amplitude is required to drive the actuator.Actuators for conventional robots
These actuators are not considered an optimal choice in soft robotics, owing to their weight, size, volume, and material stiffness.



In contrast to conventional rigid robots, the movement of soft robots relies on the continuum deformation of flexible material, hence their actuation is based on modulating the stiffness of soft, flexible, and compliant components. A soft actuator permits safe interaction by achieving the required locomotion patterns through deformation with a high degree of freedom. When stimulated by the environment, a soft actuator is an intelligent device that can mechanically deform or release a substance by inducing strain into a system to cause movement or for it to reversibly change the shape, size, or any other property of a robot (Yang et al., 2020). These actuators are made up of flexible materials, like fiber, paper, cloth, or particles. These materials are lighter in weight, affordable, and easy to customize compared to rigid counterparts. Consequently, soft actuators offer unprecedented adaptability, flexibility, sensitivity, reconfigurability, and agility, making soft robots a close match to living organisms. These features are instrumental in achieving soft architecture and  shape morphing, which are exploited in a range of applications. In the same way that biological organisms inspire soft robots, a soft actuator mimics the ways various organisms are actuated by nature. Thus, a soft material should ideally have a 100% strain (Alici, 2018).Soft actuator
A soft actuator is elastomeric, i.e., analogous to a rubber. The actuator regains its original properties after the applied force or load is removed.

Soft robotics is anticipated to be involved in climbing, squeezing, morphing, stretching, and growing mechanisms. In all of these machines, actuators are a critical factor of success. It is interesting to note that even with the current soft actuators, it is not possible to mimic various lifelike motions, particularly those pertaining to animals and insects. This calls for a demand to develop innovative soft actuators that can mimic or even outperform the natural functions of muscles. Scientists, engineers, and researchers have recently committed to developing and integrating soft actuation technology, exploring new classifications and materials for soft robots.
Given the diverse features of various classifications of soft actuators, soft robots are considered to have ample potential in applied contexts.
Soft Actuator Classifications
Looking at the scientific literature, it is evident that the soft robotics community has primarily classified soft actuators with respect to (WRT) three parameters: (1) the location of actuators, (2) the actuation scheme, and (3) the stimulus. The classification given in figure 2.1 is not an exhaustive list of soft actuators.
WRT the location of actuators
Actuators can be an integral part of soft robots (intrinsic), or they can be extrinsic to the mechanical structure housing the actuation sub-system. Both types can be further classified, as shown in figure 2.1 below. In comparison to intrinsic actuators, extrinsic ones are bulky; however, they offer a large mechanical output with relatively high speeds (Alici, 2018).
WRT the actuation scheme
This classification is based on the actuation mechanism and may include variable length tendons, EAPs, and fluids. The variable length tendons can be routed inside flexible segments to deliver a controlled force for the deformation of the segment where required, for example,  in the case of robotized octopus arms. Tendon-driven actuation offers a lightweight solution and easy miniaturization by using conventional motors positioned on an external platform. However, they are not cost-effective and suffer from sterilization problems and mechanical issues, including backlash hysteresis, fatigue, and friction. EAP-based actuators are bio-compatible and, once stimulated by an applied electric field, are able to change in shape or size. Finally, fluidic actuators inflate channels within the flexible robot for structural deformation (Ashuri et al., 2020).
WRT stimulus
[bookmark: _Hlk115896607]Fundamentally, an actuator converts an input (stimulus) into a mechanical output. The third classification of actuation methodologies is based on the actuation response generated by a wide range of stimuli. The stimulus can be related to fluid (hydraulic), air (pneumatic), or chemicals (such as ions, e.g., EAP) to achieve volumetric contraction and/or expansion, corresponding to the actuation approach. Furthermore, the stimulus can be directly applied. Stimuli include heat; pressure; humidity; and optical, electric, and magnetic fields. Figure 2.2 illustrates this classification (El-Atab et al., 2020).
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Figure 1: Classification of soft robots with respect to (w.r.t.) various parameters
Source: Jamshed Iqbal (2023).
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Figure 2: Types and illustration of soft robots w.r.t. stimulus
Source: El-Atab et al. (2020). CC BY 4.0.
Self-Check Questions
1. Why can’t actuators for traditional robots be adequately used in soft robots? Please mark the correct statement(s).
· These actuators are bulky.
· These actuators do not offer the required stiffness.
· These actuators do not look aesthetically pleasing. 
· These actuators have large dimensions.
2.2 Materials and Properties of Soft Actuators
Soft-material robotics was established as a branch of material science in the 1990s. It is the study of compliance, inherently present in flexible materials, and how material deformation can be explored in applied contexts with soft robots (Wang et al., 2017). The promising benefits of soft robots in general, and soft actuators in particular, can be achieved only if they are made up of intrinsically compliant, active, stretchable, and intelligent materials that can absorb energy arising from collisions. Smart, flexible materials with programmable electrical (e.g., capacitance and resistance); mechanical (e.g., damping and stiffness); and rheological (e.g., shear velocity, stress relaxation, and viscoelastic modulus) properties are instrumental in operating soft actuators by achieving additional degrees of freedom. Compliant materials enable soft robots to change their structure, shape, size, and macroscopic properties when subjected to different stimuli. Soft materials involve the collective movement of large molecules or assemblies, resulting in non-linear, slow, and large responses that are subjected to small forces. Soft actuators do not need pumps for their operation and, thus, the size of a soft robot can be decreased to a micrometer scale, permitting their use in a variety of portable applications.Rheology
This is the science of measurement and the study of deformation.

Both natural and synthetic materials are used in the manufacture of soft actuators. Examples of such materials include polymers (the most common), liquids, colloids, gels, foams, silicone rubber, and granular and soft biological materials. Various new, diverse, and commercially available materials have been synthesized and are used in different actuation mechanisms (Ashuri et al., 2020). For example, tension cables use passive metals or polymers, while shape memory alloys and piezoelectric actuation respectively involve electro/magneto-metallic and electro-ceramic materials. In the case of electric actuation, materials include dielectric polymers, ferro-electric polymers, liquid crystal elastomers, and electro-strictive elastomers, whereas carbon nanotubes, ionic-polymers, conductive polymers, and electro-rheological fluids are used for ionic actuation. Finally, passive metals or polymer materials are used in hydraulic and pneumatic soft actuators. Most robotic functions have been achieved using elastomers. Popular thermoplastics, like ethylene-vinyl acetate (EVA) and polyethylene, are used in soft grippers and robotic walkers or crawlers. Smart fluids and granular material have also been used in robotic grippers.
The performance of soft actuators can be characterized using several metrics which reflect their properties, including elastic modulus, Young’s modulus, tensile strength, resultant stress and strain, force density, work, power, and energy. This is in addition to breaking elongation and viscosity. The elastic modulus of soft materials ranges from 102 to 107 Pa, while the Young’s modulus of the materials used in soft robotics is around 1 GPa (Apsite et al., 2022; Rus & Tolley, 2015). The table below lists important materials with their modulus, where the materials with potential in soft robotics are highlighted in grey.
	Table 1. Prominent materials with their typical Young modulus

	
	Material
	Young modulus (Pa)

	Soft
	Hydrogel
	

	
	Silicone elastomer
	

	
	Cartilage
	

	
	Liver tissue
	

	
	Rubber
	

	
	Tendon
	

	Hard
	Wood
	

	
	Steel
	

	
	Diamond
	


Source: Jamshed Iqbal (2023), based on Rus and Tolley (2015).
Figure 3 illustrates the efficiency of some soft actuators and the corresponding power/weight ratios. For comparison purposes, the profile of a human muscle is also shown. Irrespective of the underlying actuation scheme, soft actuators are usually inspired by biology and, thus, strive to reproduce similar or superior functionalities compared to natural muscles. Salient features of natural muscles include efficiency of up to 40%, strain above 20%, stress of about 0.35MPa, and a peak output power of 323 W/kg (Wang et al., 2020). In addition to attempting to mimic these parameters, soft actuators follow a muscle-like, agonist–antagonist arrangement. This arrangement also helps achieve adaptability by co-contracting the muscle pairs, leading to compliance.
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Figure 3 : Typical efficiency and power/ratio of prominent soft actuators. 
Source: Jamshed Iqbal (2023), based on Alici et al. (2018).
Besides considering the size and mechanical properties of soft actuators, actuation characteristics are another important indicator for quantifying behavioral functions. Mass, maximum force, and maximum stroke provided by the actuator are the three main actuation characteristics.
Soft robots are capable of exerting a reasonable force (F), owing to the large deformation (ε, strain, stroke) involved. Considering deformation in a plane and assuming a linear stress-strain relationship, the output force can be given by

where E is the tensile modulus and S is the section area.
Table 2 lists the maximum stroke for various soft actuators plotted against the maximum output force compression.
	Table 2. Approximate ranges of prominent actuator characteristics

	Actuator
	Mass [kg]
	Max. stroke [m]
	Max. output force [N]

	Electromagnetic motor
	0.01-1
	0.003-0.01
	1-30

	Pneumatic
	0.001-30
	0.006-0.025
	10-200

	Shape memory alloy
	1e-6-1
	0.003-0.1
	0.08-100

	Electroactive polymer
	0.2e-6-0.8e-8
	1e-5-0.2
	0.02-7000

	Hydraulic
	0.3-2
	0.04
	400-1200


Source: Jamshed Iqbal (2023), based on Zupan et al. (2002).
It is useful to mention the following points:
· The robotics community agrees, to a large extent, that soft-materials robots will play a vital role in achieving future robotics applications. This calls for the development of the next generation of soft actuators with more strength, while still ensuring safety. This, in turn, heavily relies on advancements in smart materials science.
· A particular application domain may favor some specific material(s). For example, photo-responsive materials have proved promising in bio soft robots operating in outdoor environments, whereas biomedical soft robots usually involve materials that are stimulated in a near-infrared (NIR) band.
· In addition to soft robotics, compliance is an important property in several other applications (e.g., wearable systems, implantable devices, and electronic skin). Actuators made up of flexible materials offer comfort to the wearer and minimize operational constraints and limitations with minute inertia.
· A modulus of elasticity cannot be used to quantify the softness of materials in soft robotics. However, this modulus is used here to differentiate softness in soft robots, in contrast to the traditional robots, which are made up of rigid materials.
· Soft robots must offer less compliance compared to that of the environment in which it is operating or the objects with which it is interacting. These robots are meant to interact with humans and other flexible objects. This realistic assumption dictates the modulus range of materials, ranging from tendons to body fat, that can be used for soft actuators.
· The prolonged operational life of soft actuators, while still performing at optimum levels, requires a soft robot to operate far below the material’s ultimate strain. As a rule of thumb, the stroke, deformation, or strain is kept below 70% of the ultimate strain (Alici et al., 2018).
Self-Check Questions
1. Below is a jumbled list of materials used in robotics. Please separate materials that should be used for soft robots and those for conventional rigid robots.
Materials: Aluminum, Diamond, Hydrogel, Iron, Rubber, Silicone elastomer, Tendon, Wood
Solution:
Soft materials: hydrogel, silicone elastomer, rubber, tendon
Hard materials: wood, steel, aluminum, iron, diamond
2.3 Thermo-Driven Soft Actuators
When heat is applied to a film actuator, it will result in contraction, elongation, or bending, due to the molecular isomerization or phase transition of flexible materials. There are several approaches in which the thermal stimulus can be applied, including thermal radiation, electrothermal effects, and remote activation via laser. Thermally stimulated soft actuation can be achieved in different ways, which can be categorized into the following: 
· shape memory alloy (SMA)
· shape memory polymer
· liquid crystal elastomer
· synthetic hydrogels
Shape Memory Alloy (SMA)
SMAs, also called “smart metal,” “memory metal,” or “muscle wire,” are alloys with “memory.” Due to the inherent behavior of their materials, they “memorize” their original shape and can return to this shape after deformation. SMA is a self-sensing and high-density alloy that provides a two-way controllable and reversible shape memory effect. Moreover, SMA bears lightweight and compact size actuation featuring pseudo-elasticity and functional stability and is created with diverse elements, shown below:
· copper-based, i.e., copper–zinc–aluminum (Cu–Zn–Al) or copper–aluminum–nickel (Cu–Al–Ni)
· iron-based, i.e., ferric (Fe)─ manganese (Mn)─silicon (Si)
· nickel (Ni)–titanium (Ti), known as Nitinol
Each of these combinations has its own application-dependent pros and cons. Copper or iron-based SMAs are cost-effective and commercially available, while Ni–Ti are a preferred choice in most applications, owing to their practicability and superior stability.
Figure 4a shows a sample shape memory material being used in aircraft research and a commercially available nitinol coil (Figure 4b).
Figure 4. (a) A sample of a shape memory material (b) Coil made up of Nitinol.
	[image: A photo of a shape memory material used in aircraft research.]
	[image: nitinol spring]

	(a)
	(b)

	Source: (a) Science Museum London (2009). CC BY-SA 2.0. Source: (b) Nitinol (2022). Used with permission.


How it works
SMAs exploit the reversibility of crystal structures in their make-up by deforming and returning to their original shape under thermal or loading cycles. The application of an external force leads to material deformation into any shape. When the internal/external heating source increases the temperature of the material beyond a threshold, the crystal state is changed, resulting in it returning to its original “memorized” geometrical state. The reversible phase transition occurs over a temperature range of 70–90°C (Zeng et al., 2020). Figure 5 illustrates the phase transformation process of SMA.
The overall performance of an SMA depends on the geometry/topology of the actuator, which mainly includes design parameters, such as the diameters of wire and rod, pitch angle, and number of active coils. In addition, meandering shapes, wire meshes, and series/parallel assemblies (shown in figure 6) are pertinent to the performance of an SMA in terms of increasing the force or stroke, while indirectly affecting reaction time and cooling (Boyraz et al., 2018).
[image: A diagram of the phase transformation process for shape memory alloys.]
Figure 5. SMA phase transformation process. 
Source: Nitinol (2022). Used with permission.

[image: https://www.mdpi.com/actuators/actuators-07-00048/article_deploy/html/images/actuators-07-00048-g001.png]
Figure 6 . SMA topologies  
Source: Boyraz et al. (2018). CC BY 4.0.
Advantages and limitations
Thermo-driven actuators offer a safe trigger compared to electric- or photo-stimulated counterparts, an advantage that is exploited in various medical and biomedical applications. Some of the salient features of SMAs lie in their promising properties, like biocompatibility, high resistance to corrosion, and non-magnetic nature. The actuators have a high energy density with an ability for the exertion of localized forces. Their high force-to-weight ratio makes them an excellent option for applications requiring relatively high payloads. Moreover, they offer easy and flexible manufacture in terms of their various dimensions and different possible shapes.
Limitations associated with SMAs include fatigue failure (see the figure above), slow response, low efficiency, hysteresis, high cooling time, limited work-range, and high-power consumption. Efficiency and response time can be improved by using thin films and materials with excellent heat-absorbing capability. Due to the nature of the shape transformation process, SMAs experience better and faster performance when in a configuration of small wires, allowing maximum heat exchange. SMAs can be costly from a manufacturing perspective. SMAs do not have much inherent compliance. However, this limitation can be overcome to a certain extent by using the actuator in a spring or meandering form. Moreover, most of these materials are temperature-dependent when undergoing shape transformation, so applications using SMAs need to make sure that the devices are used in controlled and stable temperature ranges.
Examples
A three-fingered modular grasping mechanism is reported in Lee et al. (2019). The modularity allows customization and ease in assembly and repairing. Each module (a finger) is constructed with an 8 mm-thick matrix and 300 mm-long tendon. A series of V-shaped bearings are used for tendon routing (see figure 7a & b). Figure 7c shows the assembled three-fingered gripper with two parallel fingers and a third located antagonistically, while another configuration (triangular) is illustrated in Figure 7d. The developed gripper has been subjected to 100 cycles for testing and trials. Time durations of 1 second and 9 seconds have been set for heating and cooling respectively. Results in the form of bending angle profiles for the first and final ten cycles are illustrated in figure 7e and 7f. The smoothness of the bending angle demonstrates that the response of the soft actuator neither fluctuates nor degrades. The accumulation of heat increases the minimum angle of bending; however, after it has fully cooled down, SMA returns back to its original “memorized” bending state.
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	Figure 7.  (a,b) Single finger – Inner and outer view (c, d) Antagonistic and triangular configurations of gripper (e, f) Bending angle profiles 
Source: Lee et al. (2019). CC BY 4.0. 



As a second example, a small, lightweight bipedal walking robot with flexible flat plates (FFPs) is presented in Nishida et al. (2008). The robot has four degrees of freedom with a weight of 2.8 g and a height of 70 mm. SMA-based FFP (figure 8) consists of the SMA actuator, polyethylene plate, and two metallic clips. An SMA produced by the Toki Corporation, BioMetal Fiber 250 (BMF) with a length of 50 mm and a diameter of 0.25 mm, was used. Epoxy resins fix the actuator and the clips. SMA-based FFPs generate elastic potential energy through deflections, which is then transferred to kinetic energy to operate the locomotion sub-system.
Experiments have been conducted to validate the usefulness of the robot in terms of walking. Results obtained demonstrate that the robot with SMA-based FFPs is capable of static bipedal walking, despite its simple and lightweight structure. Figure 9  illustrates the motion pattern of the robot.
[image: ]
Figure 8. SMA-based FFP.
Source: Nishida et al. (2008). CC BY-ND 4.0.
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	(g)
	(h)

	Figure 9. (a-h) Walking motion pattern 
Source: Nishida et al. (2008). CC BY-ND 4.0.
Self-Check Questions
1. What are the properties of SMAs? Please mark the correct statement(s).
· They are also called “memory metal.”
· They are a low-density alloy.
· They are lightweight actuators.
· They are irreversible in their crystal structure.
· They are not inherently compliant.


2.4 Electro-Driven Soft Actuators
Electrical-driven actuators are the most researched flexible actuators, owing to their superior energy conversion efficiency and high controllability. Materials responding to an electrical signal (i.e., electromaterials) have a great potential to meet functional requirements in soft robotics. Such materials are faster compared to the materials stimulated by chemical, magnetic, thermal, and light stimuli. Electrically stimulated actuators require a stretchable, flexible, soft, small footprint, and high-energy-density energy source. Despite advancements in battery technology, electrical-driven actuators are still unsuitable for integrating into the monolithic body of a robotic mechanism.
Electro-driven actuators can be broadly categorized into neuro-stimulation and external physical stimulation. In neuro-stimulation, the communication of neurons is based on chemical and electrical signals. The signals acquired from sensors are used in actuating various systems, particularly in prosthetics. Research on neuro-prosthetics concludes that decoding the muscle’s electrical activities for a prosthetic user is the most authentic way of implementing their intention to move the upper extremity (Thuruthel et al., 2019). The electrical stimulation of peripheral nerves can provide almost natural sensations to the brain, such as stiffness and object texture, pressure, and shape.
External physical stimulation mainly includes electroactive polymers (EAPs) and piezoelectric and mechanical-servo motor-based soft actuators; EAP is the most optimal material for electro-driven soft actuators, due to its inherent advantages.
Electroactive Polymers (EAP)
Inorganic materials require a very high voltage (in the range of 1kV) for actuation. Thus, EAPs are considered favorable electro-driven actuators, due to their lower weight, high fracture tolerance, and high flexibility. EAPs undergo deformation under the influence of an electric field. The actuation can be reversed by removing the voltage. The deformation in electrically stimulated EAPs can be further categorized into electronic (dry) or ionic (wet).
In an electronic EAP, the electric field or Coulomb force is used for actuation, while in an ionic EAP, ion diffusion is the actuation source. An electronic EAP demonstrates a fast response and a large strain and possesses the ability to maintain an induced displacement once excited with an electrical stimulus. Materials for EAPs include silicone, rubber, acrylic elastomers, fluoroelastomers, and polyurethane.
Ionic actuators are the optimal choice for EAP-based wearable robotic systems. They can directly convert electrical energy into mechanical energy and generate large deformations stimulated with a low voltage, while also offering a high efficiency in energy conversion.
A common material used in soft robots is an elastomer. They can be reversible, experience deformation of up to 1000 percent, and can generate a force/area of up to 100 MPa in a fully stretched configuration (Martins et al., 2020). Elastomers can be used for actuation in various setups, including electrical, pneumatic, and hydraulic.
A prominent smart material actuator in the EAP category is a dielectric elastomers (DE), which is used to obtain large strains. A DE actuator, also called an artificial muscle, finds enormous potential in creating diverse devices, like a fish-like blimp and a linear actuator. The performance of DE actuators is primarily dictated by DE materials and flexible electrodes. For achieving a better performance, the DE materials should have a low viscosity, low elastic modules, high breakdown strength, and a high dielectric constant.
Working
In DE actuators, an electric field is used to induce the deformation, as demonstrated by W.C. Roentgen in 1880 by spraying charges on natural rubber. A common configuration of DE actuators can be constructed by sandwiching a flexible insulating elastomer between two flexible electrodes. Applying an external voltage source between the compliant electrodes results in the electric field expanding the actuator in the plane direction and contracting in thickness, since rubber cannot be compressed. This ultimately enlarges the membrane area, as illustrated in figure 10. 
[image: https://www.mdpi.com/actuators/actuators-07-00051/article_deploy/html/images/actuators-07-00051-g001.png]
Figure 10:  A common DE actuator configuration. 
Source: Shigemune et al. (2018). CC BY 4.0.
The actuation is governed by the electrostatic attraction generated between soft electrodes, as shown in figure 11. In figure 11a, the two soft electrodes are oppositely charged and, thus, have Coulombic interactions, generating a Maxwell stress. In figure 11b, a true electric field is generated by the direct coupling between electromechanical strain and polarization. Elastomers can be deformed in diverse ways; stretching the rubber manually or through a motor, using an electric field or a magnetic field. Releasing the stretched elastomers leads to relaxing the stroke generation.
[image: ]
Figure 11 :  Actuation mechanisms for a DE (a) Coulombic interactions (b) Direct coupling 
Source: Koo (2012). CC BY 3.0.
Two common configurations of DE are circular planar and spring roll actuators. In a circular actuator, a single DE film is placed between two concentric electrodes (figure 12a). The electrical stimulation results in an in-plane expansion of the coated part of the actuator (figure 12b). The second configuration contains a spring with a pair of end caps to constrain its motion (figure 12c). A voltage-stimulated spring roll actuator with a hanging mass is illustrated in figure 12d.
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	Figure 12: DE actuator configurations (a, b) Structure and electrical stimulation of circular actuator (c, d) Structure and electrical stimulation of spring roll actuator.
Source: Jung-Hwan et al. (2020). CC BY 4.0.


A circular acrylic DE actuator is shown in figure 13a. The actuator is subjected to a 1 kV stimulation, applied for 3000 s. The resulting state is illustrated in figure 13b.
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	(a)
	(b)

	Figure 13: Acrylic DE actuator (a) Reference (b) Driving state 
Source: Shigemune et al. (2018). CC BY 4.0.


Advantages and limitations
DE actuators demonstrate performance comparable (or superior) to muscles of a mammal. The conversion of electric into mechanical energy permits DE actuators to reduce the response time, while offering a high work output. They are lightweight electrostatic actuators and, thus, offer a power-dense and energy-efficient actuation solution. Table 3 lists some important parameters of DE actuators with their typical values.
	Table 3. DE actuators typical performance parameters

	Parameter
	Value
	Unit
	Reference

	Driven voltage
	1–10 000
	V
	Yang et al., 2020

	Activation fields
	> 150 
	V/mm
	Lee at al., 2017

	Producing and withstanding strain
	10% - 380%
	-
	Zhu et al., 2016

	Export stresses (silicone-based)
	Up to 7.7
	MPa
	Mirfakhrai et al., 2007

	Export stresses (acrylic-based)
	Up to 3.2
	MPa
	

	Efficiency
	60% - 90%
	-
	Jung-Hwan et al., 2020

	Energy density
	> 3.4
	MJ−3
	

	Flexibility
	20-2000
	kPa
	

	Response
	0.1
	msec
	

	Ability of energy conversion
	Up to 0.4
	J/g
	Koh et al., 2009


Source: Jamshed Iqbal (2023).
Other promising features include long operation time, silent operation, and an ability to exert large forces, compared to ionic counterparts. Given this long list of advantages, DE actuators have attracted attention in both industrial and research fields. The use of DE actuators in future and wider application spectrums calls for further advancements in miniaturizing voltage amplifiers and power sources. 
Despite several advantages, DE actuator-based systems also have several limitations and constraints in terms of energy source, self-healing, sensing, payload-handling capacity, and multi-functionality. The primary disadvantage of DE actuators is the requirement for a high-driving voltage, which, in turn, adds volume and cost to the system, creates safety issues (due to electrical breakdown), and entails constraints in terms of voltage amplifier specifications, thus limiting applications where these actuators can be used. These issues have been addressed by improving the dielectric constant of the polymer, via the addition of silica nanoparticles.
Examples
A common example of converting electrical energy into mechanical work by means of a small deformation is a speaker. DEs are potentially used in various applications related to wireless and soft robotics.
A programmable and reconfigurable DE-actuated device with two crease lines is presented in Wang et al. (2019); the device offers mechanical strains when subjected to voltage bias. An ethyl cellulose (EC) paper to guide the change in actuator shape is used to create the crease lines. When the device is electrically stimulated, a folding motion illustrated in figure 14a is achieved. The increase in the applied voltage from 0 to 6.5 kV results in a decrease in the folding angle from 127° to 103°, as shown in figure 14b. In another experiment, the device was reconfigured to unfold the dielectric layer outwards (figure 14c). The actuator angle is changed from 119° to 127° when the voltage is increased 0-6 kV in range, as shown in figure 14d. These patterns are programmable by varying stiffness to direct the actuation.
[image: ]
Figure 14: Shape changing of a DE actuated robotic device (a, b) Folding actuation and its profile (c, d) Unfolding actuation and its profile
Source: Wang et al. (2019). CC BY 4.0.
In addition to the reconfigurability of DE actuators, they can also be used to study muscular or skeletal reinforcement, as reported in Franke et al. (2020). This research considers a silicon body and exploits the membrane’s stretchable feature to investigate the static and time-varying bending displacement. The finger-sized soft robotic structure is actuated with two antagonistically working DE actuators. Figure 15a shows the activation of the right DE actuator, showing the robot bending left. The contrary scenario is shown in figure 15b. The displacement measurement at three instants is illustrated in figure 15c.
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	(c)

	Figure 15: A soft robotic structure actuated with DE actuators 
Source: Franke et al. (2020). CC BY 4.0.


Other examples of DE actuators used in soft robotics are the DE balloon robot, flying DE robot, and the DE walking robot (Lau et al., 2014; Li et al., 2019; Pelrine et al., 2002).
Self-Check Questions
1. Please complete the sentence below.
The actuation of electro-driven actuators is governed by electrostatic attraction generated between soft electrodes.
2.5 Light-Driven Soft Actuators
Light is a universal source of clean energy that does not contribute to environmental pollution. The conversion of light energy into any form of mechanical motion is significant, since light is a cost-effective energy source that does not require wires for propagation. Moreover, light’s properties, such as its intensity, wavelength, and polarization, can be easily controlled and optimized with high resolution for a particular application, thus making light a versatile source of energy. Light-driven actuators, also known as photo-mechanical or optic actuators, have potential in diverse applications, like soft robotics, 3D and 4D printers, artificial muscles, plastic motors, and photonic switches. Light-driven actuators use smart materials called liquid crystalline elastomers (LCE), which change their shape when illuminated with visible light (Huang et al., 2021).
The construction of light-driven actuators is mainly based on photo-chemical or photo-thermal actuation mechanisms. In photo-chemical actuation mechanisms, the photo-isomerization property of the material is exploited to achieve actuation. On the other hand, in photo-thermal actuation mechanisms, actuation is achieved through either phase transition or through molecule sorption and desorption. Both photo-chemical and photo-thermal compounds exist in various materials and polymers, for example, azobenzene, carbon nanotubes (CNT), carbon black particles, gold nanomaterials (Au NPs), graphene/graphite oxide, hydrogel, liquid crystal polymer (LCP), carbon-based composites, shape memory polymers (SMP), and liquid-crystalline networks (LCNs).
The spectrum for light-driven actuators can be in the visible region or near-infrared (NIR; El-Atab et al., 2020). Some works, like Huang et al. (2015) report ultra-violet (UV) irradiation as well. Visible light (e.g., sunlight) permits the actuator to operate in natural environments and avoids excessive energy consumption. NIR light’s feature of long wavelengths offers low-loss penetration through biomaterials and, thus, makes NIR-based light-driven actuators appealing for biomedical systems. Figure 16  summarizes various perspectives of light-stimulated actuators.
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Figure 16 : Summary of light-driven actuators 
Source: Jamshed Iqbal (2023).
Working
In light-driven actuators, mechanical motion is generated through irradiated light energy, as the name indicates. Photochromic molecules of the photo-responsive materials capture light signals and converts them into meaningful modifications in properties, such as strain. Strain gradients and unequal isomer patterns govern the motion. The macroscopic deformations induced on a microscale lead to diverse patterns, like bending, folding, twisting, swelling, and expansion/contraction. Figure 17 shows the prominent deformations. The deformations can be reversed by removing the light source or varying the wavelength. The response of light-driven actuators depends on exposure time and intensity, in addition to wavelength. The integration of photochromic molecules can be from polymers, gels, and fluids.
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Figure 17: Some prominent deformations of light-driven actuators 
Source: Jamshed Iqbal (2023).
Figure 18 illustrates an example to explain how light-driven actuators function, where a light-driven liquid-crystal film (LDLCF) containing an isomer (azobenzene) is used. Irradiation of UV light results in isomeric transformation, causing material bending. The application of visible light recovers the original state.
[image: ]
Figure 18 : Working of light-driven actuators 
Source: Huang et al. (2015). CC BY 4.0.
Working principle of photo-thermal actuators
Photo-thermal actuators are well-known, due to their simple design and construction. These actuators normally consist of two layers, an active layer and a light-absorbing layer. The light-absorbing layer is generally made of Au NPs or carbon-based materials. This layer absorbs light and converts it into thermal energy, while the active layer reacts to that thermal energy and contracts or expands accordingly. This mismatch expansion causes actuation. Commonly, three different mechanisms exist to achieve photo-thermal actuation:
1. Molecular sorption and desorption
2. Volume expansion
3. Phase transition
Working principle of photo-chemical actuators
Light-driven actuators can also be constructed without using thermal effects. Reversible photo-chemical reactions in various materials can be exploited to covert light energy into mechanical energy. These reversible photo-chemical reactions deform the material in a specific fashion that can be controlled and, thus, actuation can occur. Therefore, the photo-isomerization property of the material is altered to produce actuation in photo-chemical actuators.
The working principles of both of these light-driven actuators is illustrated in figure 19.
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	(a)
	(b)

	Figure 19: Working of light-driven actuators (a) Photo-chemical (b) Photo-thermal
Source: Lahikainen et al. (2018). CC BY 4.0. 


Advantages and Limitations
The versatile nature of light signals and photo-responsive materials gives the light-driven actuators several salient features that are achieved through light intensity, wavelength, and polarization direction. Light-driven actuators are efficient, reliable, and highly scalable. They are appealing because they offer remote, accurate scales and flexible control at micro and nano scales. They also offer fast actuation with a response time in milliseconds and can be manufactured in custom sizes. Thanks to a diverse range of shapes (e.g., circle, helix, and spiral) that can be produced by light-actuators, these actuators can be used in soft robotics to grasp objects and complete movements, like crawling, jumping, and even sophisticated tasks, like swimming. The requirements of a particular application dictate the deformation shape of light-stimulated actuators, for example, the motion of human joints can be adequately mimicked by bending and unbending deformations.
The remote control of light-driven actuators offers electromechanical decoupling (and, thus, reduced noise) and eliminate the need for electric circuits at an actuation point. In addition, a single light source can provide parallel actuation. The nonstop motion of a light-driven actuator in a particular application requires the periodic loading of light. This permits deformation when the actuator is illuminated and returns to the original shape when de-illuminated.
If continuous motion of a light-driven actuator is required in a particular application, a periodic availability of the light source output is usually required. This ensures deformation when the actuator is illuminated and for it to return back to the original shape when the light source is turned off. However, this limits the fields where sunlight can be used, since it is not straightforward to periodically turn illumination on and off. Additionally, photo-chemical actuators require multiple wavelengths. Most of the work on light-driven actuators is limited to the laboratory environment, although the technology is close to being applied in real-world applications. The main challenge is to attain a high driving force while ensuring an optimal set of performance parameters, which include response time, stress, displacement, and work efficiency.
Examples
A nature-inspired micro-swimming robot powered and controlled remotely by light is reported in Huang et al. (2015). The robot does not possess batteries or electronics. Light-driven liquid-crystal film (LDLCF) containing an isomer (azobenzene) is used. LDLCF acts as an actuator when UV light is irradiated on it, thus generating contraction stress and ultimately bending the LDLCF. The working principle of the bending deformation is illustrated in figure 19. The robot is actuated and controlled by four light sources, which includes two white light LEDs and two UV light LEDs placed at either side of the robot as illustrated in figure 20. A flexible flagellum made up of a polymer can also be seen.
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Figure 20: Micro swimming robot shown with light irradiation mechanism 
Source: Huang et al. (2015). CC BY 4.0.
The inspiration for the robot comes from the swimming patterns of microorganisms with a flexible swing-oar-like flagellum. The periodic irradiation of UV light and white light (visible light) permits a forward motion of the robot in the liquid filled in a glass tube. The flexible flagellum swings like a wave when an LDLCF driving force acts on it.  The swinging of the flagellum causes the robot to move forward. A cycle of periodic swinging of the flagellum is illustrated in figure 21.
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Figure 21 : Lights driving the flagellum swing. (Scale bar = 2 mm.)
Source: Huang et al. (2015). CC BY 4.0. 
As shown in figure 20, the head of the micro-robot is equipped with a gripper for grabbing and releasing objects. The opening of the gripper is achieved by UV light irradiating on the movable LDLCF of the gripper, while the closing is accomplished by visible light. Figure 22 illustrates the object grabbing and then transporting it. Initially, the UV light opens the gripper, the robot swims to the object position, and then irradiant visible light causes the gripper to close, and the object is grabbed. Finally, the robot carries the object to the desired position.
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Figure 22 : Grab and transport an object (a-b) Schematics (c-h) Real experiment using developed prototype 
Source: Huang et al. (2015). CC BY 4.0.
As a second example, compact and self-contained light-driven actuators are proposed in Kwan et al. (2018), involving nickel hydroxide-oxyhydroxide as their material. The actuation principle is based on a change in volume of the material when irradiated by the visible light of relatively low intensities. The custom-made film actuators can undergo bending and curling with stress and response rates comparable to a mammal’s muscles. The actuator response with irradiations of UV, visible, and NIR light is illustrated in figure 23a. Comparing these responses, it is evident that most significant curl is demonstrated by visible light, while mild actuation is observed in the case of both UV and NIR lights. The actuator starts recovering its original position when the light sources are turned off.
Another experiment investigated the actuator’s response when the light intensity was increased. Figure 23b shows the results obtained when the intensity of visible light is increased from 5 to 100 mW/cm2. Initially, bending is observed at 5 mW/cm2. When the intensity is increased from 10 to 100 mW/cm2, the curl forming the loops is evident.
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	(a)
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	(b)

	Figure 23 : Response of the actuator (a) to different stimulations at 10 mW/cm2 (b) to visible light 
Source: Kwan et al. (2018). Used with permission.


Self-Check Questions
1. List five advantages of light-driven actuators.
· controlled remotely
· reliable
· scalable
· efficient
· single light source can provide parallel actuation
2.6 Magneto-Driven Soft Actuators
Magnetic soft actuators are made up of magnetorheological materials (elastomers, fluids, or gels) and are fabricated by embedding magnetic particles inside these materials. An externally applied magnetic field interacts with the particles and generates motion. The actuation control is untethered, so the actuator can access any depth by adjusting the strength and orientation of the applied magnetic field.
Magnetic particles embedded inside the actuators are either hard (alnico, cobalt, and neodymium alloys) or soft (iron, nickel, and iron alloys). Magnetic soft actuators can use ferromagnetic particles in the polymer or embed a flexible/stretchable coil in the soft substrate. Most common techniques to fabricate elastomers or gels based on magnetic actuators are extrusion, molding, and 3D printing. An effective and straightforward technique for manufacturing the actuator is to embed magnetic particles into the polymer matrix. The device can attain sophisticated shapes with high dexterity by controlling the magnetization gradient.
Some recent studies considered magnetic controlled SMAs for generating force and motion to address the limitations in SMA dynamics due to its cooling time. A response time in msec. and shape change of 15 percent can be achieved by the deformation of these materials in a magnetic field (DesRoches et al., 2004). 
Operation
The governing principle of magnetic actuators is magnetic interaction (i.e., when an external magnetic field is applied to a magnetic object, it experiences a force and/or torque). The magnetic object is either embedded with a permanent magnet/electro-magnet or can be remotely magnetized by applying a magnetic field. Consider a magnetic object placed in a nonuniform magnetic field, a magnetic force ( exists, as shown in figure 24a. On the other hand, for a magnetic object placed in a uniform magnetic field (figure 24b), when the magnetization of the object is misaligned with the magnetic field orientation, a torque  acts on the object due to alignment of the particles with the field. This alignment results in deforming, contracting, elongating, and bending of the object. The choice of parameters, like the magnetization profiles, the actuating signals, and the stiffness and shape of the material dictate the distortion pattern.
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	(a)
	(b)

	Figure 24 . (a) Pure force and (b) pure torque experienced by the magnetic body Source: Yang & Zhang (2020). CC BY 4.0.


The rotation and translation of the actuator can be achieved by determining magnetic torque  and force , which are given as


where ,  and ∆ denote the magnetic moment of the magnetic composites, magnetic field strength, and gradient, respectively. These equations govern the rotation, linear movement, elongation, shortening, and other functions of magnetic actuator by varying the direction and strength of the applied magnetic field.
Advantages and Limitations
Magneto-driven actuation is regarded as an appealing approach, especially for untethered applications, owing to the ability of the magnetic field to effectively and directly manipulate shape transformation. In addition, the magnetic field has the ability for inherent penetration with spatial programmability. This salient feature is instrumental in various delicate, enclosed, and narrow applications. The actuators have several other salient features, like a highly precise output, linear effect, and easiness in control. Furthermore, the actuators offer fast response times, which is a comparable response to living tissues. With the advancements in 3D printing technology, programmable magnetic actuators can be designed for diverse applications.
Magnetic soft actuators have been a source of actuation in several micropumps, swimmers, and crawling devices. Applications of magnetic actuators include artificial muscles, drug delivering robots, robots performing diagnosis, invasive surgery, microfluidics, cell manipulation, robots mimicking living organisms, smart fabrics, human machine interfaces, and soft grippers for industrial robots.
The limitations of magnetic actuators are related to their bulky volume, high power consumption, sophisticated fabrication process, and non-scalability. The magnetic coils used for the generation of magnetic fields have large dimensions and can produce small regions of controllable and strong magnetic fields. For a sub-millimeter-scale soft robot, the dimensions of a cylindrical permanent magnet can be as high as 5 cm, positioned at a distance of 4–8 cm and the resultant magnetic field strength is only 20-80 mT (Kim et al., 2019). So, existing magnetic soft actuators offer limited actions/movements that can be achieved by the actuator. The control mechanism of micro-sized magnetic actuators requires a strong magnetic source, which limits their use in real-time applications and restricts them to highly constrained environments. Therefore, although they are well-suited for the biomedical sector, their applications are currently limited, owing to the magnetic fields requirements.
Magneto-driven robots usually use patterned magnetization for generating the desired actuation model(s) and deformation(s) required in the specific application. However, due to the limitations in the available patterning approaches, different deformations mode cannot be still realized. Also, in case of multiple magnetic fields in a close vicinity, distortion due to cross talk needs to be reduced. Moreover, in an attempt to make the magnetic actuator economical, cost-effective substrates, like paper, are used. However, such an actuator is complex in terms of controller design.
Examples
A nature-inspired soft micromachine, stimulated with a rotating uniform magnetic field, is reported in Huang et al. (2016). The objective was to develop origami-like, self-folding micromachines that can control motility and configure their own shapes. The swimming behavior of these machines relies on magnetic anisotropy and selective programmability of the mechanical design. Figure 25a illustrates various forms of these micromachines; the shape changes from slender to compact/stumpy when exposed to NIR heating. Keeping the frequency and strength of the rotating magnetic field constant, the forward speed profile of different morphologies of the soft micro-mechanism is given in figure 25b. Both forms show significantly different speed profiles.
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	(a)
	(b)

	Figure 25 . Soft micromachine: (a) Reconfigurability in various forms (b) Forward speed profile 
Source: Huang et al. (2016). CC BY 4.0.


A series of propulsion experiments on the micromachine, based on a rotating magnetic field with no gradient (and no force) are conducted with two orthogonal cameras tracking 3D helical trajectories. Figure 26 illustrates the time-lapse of optical images, demonstrating the propulsion of two different compound types of the soft micromachine.
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	Flat flagellum
	Helical flagellum
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	(i) t = 0 sec.
	(i) 0 sec.
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	(ii) t = 1sec.
	(ii) t = 4 sec.
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	(iii) t = 2 sec.
	(iii) t = 8 sec.
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	(iv) t = 4 sec.
	(iv) t = 13 sec.
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	(v) t = 5 sec.
	(v) t = 20 sec.

	(a)
	(b)

	Figure 26 . Navigation of magneto-driven soft micromachine corresponding to two different compound types 
Source: Huang et al. (2016). CC BY 4.0.


As a second example, figure 27 illustrates magneto-driven robots approaching tumors. The top-left section of the image shows a 3D-printed schematic, highlighting the instrumental role of 3D printing in the design and manufacture of soft robots. In the top right of the image, we can see a crawling robot, indicating that the alignment of the magnetic axis can direct the patterned motion of the leg. Meanwhile, the bottom panel illustrates an example of a magneto-driven soft actuator, showing a soft gripper with its control based on field-induced morphing.
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Figure 27. Magneto-stimulated terrestrial and swimming robots for tumors interaction 
Source: Chung et al. (2021). CC BY 4.0.
Other examples of magnetically actuated devices include soft capsule endoscopes, jellyfish-like swimming robots, soft robotic grippers, and miniature medical robots (Vojtěch et al., 2019; Xinyue et al., 2021; Yim & Sitti, 2012;  Ziyu et al., 2019).
Self-Check Questions
1. Name three applications associated with magneto-driven actuators.
· invasive surgery
· drug delivery
· cell manipulation
· smart fabrics
· human-machine interface
· soft grippers
2.7 Pneumatic Actuators
Pneumatic actuators belong to a class of flexible fluidic actuators (FFAs) and exploit their shrinkable biocompatible materials without the need for an external electric source. FFAs allow complex motion patterns with a limited number of parts. Other subcategories of FFA include McKibben muscles, fluidic elastomer actuators (FEA), artificial muscles, PneuFlex, and pneumatic networks (PneuNets).
Pneumatic actuators, also known as air cylinders, pneumatic cylinders, or air actuators, are pressure-driven devices that are considered as safe and highly efficient sources. Pneumatic actuators are particularly suited for extreme temperature zones and in applications which are sensitive to electric or magnetic interference to avoid hazards. One of the earliest developments in flexible and soft microactuators in robotics, which dates back to 1992, demonstrated the use of pneumatic actuators to move elastomer-based robotic elements. They are used for the inflation of channels in a compliant material of a soft robot to cause a required deformation pattern. The interest in pneumatic actuators has been further stimulated with the invention of PneuNet. 
Figure 28a shows a longitudinal cross section of a pneumatic actuator design. The bending motion is illustrated in figure 28b when input pressure is varied in the range 0-25 kPa. The corresponding angle profile is given in figure 28c. Figure 29 presents a rectangular cross section of the fabricated prototype, while figure 29a shows the actuator in a bending position. Meanwhile, figure 29b illustrates the experimental setup for a measurement of the blocking force.
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	(a)
	(b)
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	(c)

	Figure 28. Soft pneumatic actuator (a) Longitudinal cross section (b) Bending motion (c) Bending angle profile 
Source: Hu et al. (2018). CC BY 4.0.
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	(a)
	(b)

	Figure 29. Soft pneumatic actuator (a) Bending position (b) Blocking force test 
Source: Hu et al. (2018). CC BY 4.0.


Operation
Pneumatic actuators use pressurized air/gas as the main driving force, along with supplementary accessories to control the motion by providing the actuation. When the elastomer supply channels are inflated with air, the constituent materials or asymmetries introduced in materials move the component by deforming into desired shapes. The resultant adaptive and continuous motion seems lifelike.
A bending pneumatic balloon actuator (PBA) is shown in figure 30, which illustrates a simple but coordinated motion as a result of pressurization. The motion is reversible by depressurizing the actuator.
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Figure 30. A bending Pneumatic balloon actuator (PBA) moving as a result of pressurization
Source: Konishi & Oya (2019). CC BY 4.0.
Extending the single element, figure 31 shows an arrangement of two films, which are opposing each other each and have twelve PBAs. The two connectors shown in the figure supply pressure to the PBAs, which is then routed to the PBAs through supply channels.
The appropriate distribution of gas pressure is one of the key factors for the optimal performance of the pneumatically actuated soft robots and for the generation of enough force or thrust. In this regard, using gas pressure within embedded paths or channels is a well-known and typical way to actuate soft robots.
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	(a)
	(b)

	Figure 31. Pneumatically-driven actuators (PBAs) (a) Initial flat shape – Top view (b) A zoomed-in view 
Source: Konishi & Oya (2019). CC BY 4.0. 


Advantages and Limitations
Pneumatic actuation is of particular interest, owing to its flexible motion, simple and lightweight structure, outstanding adaptability, environmentally friendliness, use of air (which is widely available), and less inviscid nature (the character of possessing no or negligible viscosity). They are widely used in chemical and process industries, specifically for executing repetitive tasks, like opening and closing valves that transport fluid. In soft robotics, the opening and closing of robotic grippers unleashes the potential of soft pneumatic actuators. Cylindrical-shaped pneumatic omnidirectional actuators with three air chambers have a potential in minimal invasive surgery (MIS) to accurately control the position. A few prominent wearable assistive applications of fabric-type pneumatic soft actuators are shown in figure 32.
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	Figure 32 . Wearable assistive applications of pneumatic soft actuator.
Source: Nguyen & Zhang (2020). CC BY 4.0.


Despite several advantages, pneumatic soft actuators offer limited deformations and require air compressibility. An energy source is required to power the actuators. There is a limitation in the separation between the system and its energy source. They are not appropriate for heavy loads. In addition, the actuators suffer from difficulty in achieving miniaturization, since they require a connection with rigid power and control systems for providing reasonable locomotion forces.
Examples
A pneumatically actuated bidirectional soft gripper for amphibious applications is presented in Hao et al. (2017). The morphological parameters of the actuators have been found by finite element analysis (FEA) simulation. The soft gripper consists of four actuators mounted on a 3D-printed rigid support. Experiments have been conducted to quantitatively characterize the actuation time and bending radius in water and air. Gripping results in amphibious environments demonstrated that the developed prototype can efficiently conform to the objects of different shapes, sizes, and stiffness without a sophisticated control system. In air (figure  33 a–c), the gripper can successfully interact with a sphere of 170 mm diameter, a 250 g cup, and a 3 mm screw. Underwater (figure 33 d–f), it can safely enclose a pack of Scaphium scaphigerum without damaging it and can smoothly grasp a bar of soap and a grape.
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Figure 33 . Soft gripper gripping objects in an amphibious environment (a) a sphere (b) a cup (c) a screw (d) a pack of scaphium scaphigerum, (e) a soap (f) a grape. 
Source: Hao et al. (2017). CC BY 4.0.
As a second example, a locomotive, animal-inspired, soft robot actuated with pneumatic actuators is presented in Shepherd et al. (2011). The quadrupedal robot has five actuators with no sensors and a simple pneumatic valve operating at low pressure. The sophisticated locomotion pattern consists of crawling and undulation gaits. The robot moves by lifting one of its legs while keeping the other three in contact with the ground for stability. Each leg is independently controlled. Figure 34 shows the pressurization and depressurization cycle resulting the robot locomoting.  Insets show green (pressurized) and red (inactive) elements.
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Figure 34. Pressurization and depressurization cycle to realize locomotion.
Source: Shepherd et al., (2011). Used with permission.
Self-Check Questions
Pneumatic actuators are based on which of the following? Please mark the correct statement(s).
· temperature
· humidity
· pressure
· volume
· color
Summary
Soft robots, like conventional rigid robots, need a set of actuators and sensors to interact with their environment and accomplish the assigned tasks. Specifically, soft robots entail additional constraints due to the fact their sensors and actuators are integrated within the robot body. These constraints highlight the need for miniaturized compliant actuators with the ability to achieve large deformations in response to various stimuli. Such soft actuators can have an impact in applications related to micro-manipulators, microrobots, and artificial muscles.
The design of a soft robot involves finding a compromise between several factors, including cost, carbon footprint, weight, robustness, dexterity, and control complexity. This is achieved by responding to some fundamental questions related to the required number of actuators, the selection of the most efficient actuator(s) for a given application, and the placement of actuators and sensors. The answers to these questions determine other elements/parameters of a soft robot, for example, the nature of the force/torque transmission mechanism and the required control effort to ensure safety without compromising performance.
Research and development in soft actuation technology is still in an early phase. Ideally, soft robots should be completely made from compliant and smart materials. However, this is still not possible, since soft robots require energy resources (e.g., production of metals), transducers for sensors and actuators (usually made from hard plastic), signal conditioning electronics (made from hard plastic and metals). Another target for soft robots is to have actuators whose performance closely resembles the human muscles. In terms of practicalities, several scientific and technical questions related to prototyping, manufacturing, packaging, and the performance characterization of soft actuators need to be addressed. Nevertheless, there is a great potential for future advancements in terms of implementing intelligent solutions, enriching soft robotics, and transferring research to real commercial applications. Soft actuators have opened up new opportunities for wearable systems, like rehabilitation and prosthetics, surgical tools, drug delivery, active deformable apparel, and soft human-machine interactions.
Actuators driven by different stimuli have their own pros and cons. A recent trend is to combine the salient features of different stimulations to come up with multi-stimulus-driven soft actuators. This is expected to further enhance the performance of soft actuators and enhance their applications. A notable hybrid bio-mimic development is combining fluid-based actuation with elastomeric chambers to adequately simulate the properties of human muscles. This combination is seen as the gold standard for most applied soft actuators.



Unit 3 – Sensors

Study Goals

On completion of this unit, you will be able to …

… identify the need and pivotal role of sensors in a soft robot.
… classify various types of soft sensors.
… identify real-world examples of soft sensors.

3. Sensors
Sensors typically give an “eye” to the robot to “see” the environment or give an “ear” to the robot to “listen” to other agents in the system or equip a robot with a sense of touch. The field of soft robotics requires not only innovative actuation strategies but also involves stretchable, flexible, and smart soft sensing, achieved through applications and developments in the field. Soft sensors are not widespread when compared to soft actuators.
[bookmark: _Hlk118278983]3.1 Basics
The history of soft sensors’ integration into soft robots dates back to 2007, with the exception of fixed soft parts (such as artificial fingertips, which emerged in 2004; Wang et al., 2017). Sensors are vital components in soft robots to attain precise and accurate control. These sensors play an important role in completing tasks, like grasping, collision avoidance, haptic exploration, shape identification, and object recognition. Autonomy and intelligence in the operation of robots essentially relies on adequate sensing capabilities.Sensors 
 These enable the robots to effectively and safely explore unfamiliar environments and offer safer human-robot interactions.

Many sensors used in conventional rigid robots, such as inertial measurement units, strain gauges, and encoders, cannot be used in soft robots, primarily due to the deformation nature of soft robotics. For example, encoders used in rigid robots to measure the position of each joint cannot be used in soft robots (see figure 1). This necessitates alternative sensing techniques for soft robots.
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	(a)
	(b)

	Figure 1: Position sensing of robots: (a) Conventional rigid link (b) Soft robot     Source: Jamshed Iqbal (2023).


The application of soft sensors extends beyond soft robotics; they are used in healthcare, textiles, industrial systems, electronic muscles, and skins, among other uses.
Design Requirements 
Sensors provide sensory data pertinent to the surrounding workspace of a robot or the spatial configuration of the robot itself. In both cases, the typical requirements include precision, accuracy, repeatability, resolution, sensitivity, and minimum loading on the measured data. There are a few additional requirements in the case of soft sensors, which are summarized below (Kar et al., 2022).
Compliance/flexibility
The use of sensors should not restrict or significantly modify a robot’s intrinsic compliance or other properties of a soft robot. This leads to considerations of important mechanical parameters, like the modulus of elasticity and breaking elongation, while accommodating the required sensing features. Non-contact methods of sensing and low modulus sensors are preferred in soft robotics. Owing to their ease of integration and smoothness in operation, the properties of materials used in soft sensors should matches the actuators’ material (modulus < 1 MPa with failure strain > 200%; Polygerinos et al., 2017). This matching simplifies the manufacturing process and reduces the material cost. Moreover, the sensor should not impart a significant change in impedance at the attachment point with the robotic body.
Nature of the surface
The surface must be soft to offer seamless physical interface and smoother interaction between a soft sensor and robot. In a typical scenario, the fitting of the soft sensor layer outside the robotic components should not modify the robot’s biomimetic features.
Material requirements
The key issue is the choice of material for a soft sensor, which primarily depends on the required functionality and accuracy, and resolution requirements. Soft sensors should be extensible but resilient to continue demonstrating the normal operational performance over several motion cycles by avoiding structural failures. Similarly, soft sensors should not exhibit properties that allow stresses to concentrate at certain points, thereby causing damage.
Polymers (e.g., elastomers) are the most common material used in soft sensors. In particular, silicone elastomers and polydimethylsiloxane (PDMS) elastomers are the most prominent materials. Polymers are usually combined with other materials to find the most appropriate electrical and mechanical properties, as per the given requirements, for example, the conductivity can be elevated by combining carbon nanotubes and carbon black particles in the elastomer mixture. The material should have enough fatigue limit to handle the cyclic loading. Generally, inexpensive materials are favored for economic reasons.
Multifunctional sensors
In an analogous fashion to human skin (which has ability to sense a multitude of parameters, like shape, temperature, force, and surface finish), it is advantageous for a soft sensor to be able to sense various parameters. This essentially offers benefits in terms of both cost and space.
Various strategies are adopted to achieve the these fundamental requirements. Some studies have attempted to minimize the contact area of the sensor with the soft substrate to avoid restricting or modifying the intrinsic compliance of the robot (Wang et al., 2017). Other studies attempt to exploit the three-dimensional integration of both actuation and sensing onto a device to achieve complex and sophisticated robot behavior. However, material limitations and control challenges are major constraints in developments related to actuation-sensing integration. Another imperative issue is the sensor’s own dimensions, which affects their application and the way they are integrated with the soft robot. Other requirements include the need for developing inexpensive and easily manufacturable soft sensors. 
Self-Check Questions
1. Name at least five requirements of soft sensors.
· repeatability
· precision 
· accuracy 
· resolution
· sensitivity
· minimum loading on the measured data
3.2 Types of Sensors (With Examples)
Soft robots can exploit their salient features in performing several tasks, such as grasping and manipulating an object, locomoting, and exploring an environment. Their performance and application can be greatly improved by enabling diverse types of soft sensors, which function by detecting mechanical cues in an analogous way as living beings do. Biological systems actively employ various receptors for conveying information through several parameters, such as strain, pressure, sound, light, temperature, and pain. However, both internal and external mechanical cues are required by living beings for survival.
Inspired by biological systems to smoothly accomplish various tasks, soft robots must be able to adequately “perceive” their own shape, as well as the ability to “feel” external stimuli. These characteristics respectively correspond to proprioception and exteroception. Proprioception includes pressure, strain, twisting, and bending, while exteroception includes tactile, proximity, and temperature sensing features.
The two types of soft sensors can be exemplified with some common soft robots conceptualized in figure 2. In figure 2(a) and 2(b), a continuum arm and three-fingered gripping tool are shown, respectively, grasping and manipulating an object. Meanwhile, a robotic crawler and worm-inspired robot (depicting locomotion and exploration, respectively) are shown in figure 2(c) and 2(d). The red arrows and lines represent proprioceptive sensing, while the blue arrows indicate tactile sensing. The instrumental role of sensing in a soft robot can be explained with reference to figure 2d, using the example of a worm soft robot.
The feedback control system to locomote the robot can use tensile and compressive distribution of strain. Moreover, on rough terrain, the shape of the robot can be adjusted by using contact pressure. Finally, obstacle detection and avoidance strategies rely on the tactile feedback coming from the robot head.
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Figure 2: Conceptualized illustrations showing soft robots (a, b) grasping and manipulation and (c, d) locomotion and exploration.
Source: Wang et al. (2018). CC BY 4.0.
Proprioceptive Sensors
In the field of robotics, proprioceptive sensors generally measure the state of the robot itself, for example, wheel position, battery level, and joint angle. Traditional proprioceptive sensors include potentiometers, encoders, compasses, and gyroscopes. In contrast to the proprioception of conventional rigid robots, soft robots pose more difficulties in proprioceptive sensing due to their infinite degrees of freedom and nature to undergo deformations, subject to both externally applied loads and internal driving forces. Proprioception includes the information to perceive motion, location, and actions.
In soft robotics, proprioceptive sensors are designed to measure the internal state, like the position of the soft robot and the strain it experiences (Girard et al., 2015; Muth et al., 2014). Proprioceptive sensing of curved surfaces can be adequately achieved with low modulus elastomers, together with liquid phase materials. Generally, the modulus of these elastomers is as low as 1 MPa, which gives proprioceptive sensors the ability to sense small changes in impedance and ultimately apply this to the soft robot hardware (Lee et al., 2017).
Proprioceptive sensors can be easily manufactured using soft lithography by patterning elastomers layers with channels of microfluid. These channels contain a filling of liquid conductors. When a structure is deformed, the channels’ geometry changes, leading to a change in the resistance of the channels, which is then measured to finally calculate the experienced strain. The tuning of proprioceptive sensors can be achieved by modulating channel geometries. These sensors are capable of measuring several types of strains. Methods, like directly printing the conductive material in 3D and depositing the conductor’s mask, have recently been used in proprioceptive sensors manufacturing.
As an example, figure 3 illustrates three different views of a curvature sensor. The sensor is based on a silicone elastomer with microchannels that are filled with an alloy. At room temperature, the alloy is turned into water. Two strain gauges are placed back-to-back. The top view is shown in figure 3a. With the backlight on, figure 3b highlights the channel location posing stress concentration behind the liquid-metal-filled microchannel. Owing to the properties of elastomer material, the flexion and stretching of the sensor, without leading to permanent damage, can be seen in figure 3c, thus showing the high deformability of the soft sensor.
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Figure 3: A curvature sensor based on liquid metal elastomer
DELETE GRAPHIC – waiting for Jamshed.
Integrated sensors
Most of the reported developments in soft robotics involve separately sensing and actuating the robot, where soft sensors typically measure position or strain (Polygerinos et al., 2017). However, some advancements have proposed a composite device, which involves combining sensing and actuation for proprioception. The deformable strain sensors exploit integration with flexible actuators for measuring the bending angle. Recent examples, such as grippers designed for executing surgical procedures, can even integrate soft sensors even into rigid actuators.
A smart composite material with the potential to facilitate the integration of soft sensors and actuators is an ionic polymer-metal composite (IPMC). The energy harvesting characteristics of IPMC makes them a unique material that exhibits features of both sensors and actuators. Its inherent properties are softness, flexibility, low weight, and an ability to efficiently transform energies (electrical into mechanical), i.e., a small activation voltage resulting in a large bending strain. A quasi-static displacement at the IPMC tip results in a linear output voltage. Moreover, IPMCs also respond to dynamic stimuli, like shock loading or impact. While both piezoelectric sensors and IPMCs are able to sense mechanical stimuli, IPMCs offer relatively high sensitivity. In addition, IPMCs can sense different deformation modes, for example, shear, torsion, compression, tension, and bending.
IPMC-based sensors are also used in soft robotics. Interested readers are referred to Hao et al. (2019), who presents a theoretical and experimental study to evaluate IPMCs as potential soft sensors by investigating current trends and challenges, and proposing possible solutions.
As a transformative example of proprioceptive integrated sensing in soft robotics, Helps and Rossiter (2017) introduced the concept of hybrid actuation and sensing based on an ionic liquid that acts as a conductive working fluid. The actuator deformation is driven by the fluid, while simultaneously sensing the strain to detect deformation in the actuator. The authors explored the concept of integrated sensors and actuators, considering two proprioceptive flexible fluidic actuators (FFAs), a linear actuator and a bending actuator. Figure 4a shows a proprioceptive linear FFA, which involves adapting a commercial off-the-shelf (COTS) rubber bellow as an actuator. Figure 4b shows the fabricated proprioceptive bending FFA, which resembles pneumatic networks (PneuNets) bending actuator. For making the actuator proprioceptive, electrodes have been added at each end of the actuator.
Both the elongation and bending actuators offer proprioception based on sensing resistance changes of the working fluid. Moreover, the reported work investigated the soft sensor for temperature dependence, as well the adaptability of the integrated sensor for tactile sensing.
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	Figure 4. Integrated sensors: (a) Proprioceptive soft elongation (b) Proprioceptive soft bending 
Source: (Helps and Rossiter, 2017) © The Authors, CC-BY license, published by Mary Ann Liebert. INTERFOTO



Other examples of sensor-actuator integration include
· an optical sensor integrated onto an omnidirectional actuator to measure angle and bending direction (Sareh et al., 2015).
· a piezoresistive curvature sensor integrated onto a flexible bending actuator (Kure et al., 2008).
· a magnetic sensor integrated onto a snake-like soft robot to monitor bending angle (Ozel et al., 2015).
· a resistive sensor integrated onto a soft continuum robot to reconstruct the shape (Cianchetti et al., 2012).
Exteroceptive Sensors
Unlike proprioception, exteroceptive sensors measure the state of the environment, for example, touch, mapping, and temperature (Chen et al., 2015). Traditional exteroceptive sensors include tactile sensors, ultrasonic sensors, infrared (IR) sensors, and SONAR sensors.
Human skin can perceive hardness and other object properties using tactile information (i.e., a sense of touch). The four kinds of mechanoreceptors in our skin help us perceive static mechanical and dynamic stimuli. The static properties can be perceived by fingertip skin using the two slow adapting mechanoreceptors, while the other two fast mechanoreceptors are responsible for discerning texture and detecting slip by sensing vibrations or dynamic pressure.
In robotics, the sense of touch is not generally as simple as for humans. Mimicking slow and fast mechanoreceptors to perceive static and dynamic stimuli is required in applications involving intelligent robots and smart wearables. Multi-functional tactile sensors play a key role in achieving human-machine interactions and achieving environment awareness in wearable devices, intelligent prostheses, humanoids, and other autonomous systems. Tactile sensing can be manipulated by mechanical factors, like stiffness, strain, pressure, force, friction, and roughness. Furthermore, non-mechanical factors, like environment temperature, can also manipulate tactile sensors.
Conventional robots used in industrial setups involve the periodic execution of pre-defined tasks in well-known environments, which do not normally exhibit uncertainties. However, this is the not the case with uncertain environments, like in water or air. In such environments, tactile sensing enhances environment awareness to permit critical robot control by providing real-time feedback data to estimate the contact forces. Tactile sensors can also evaluate hardness, texture, and the temperature of a surface. The sensory information acquired by the tactile sensors can be used for many useful tasks, for example, force control at fingertip contact, detecting organic curvatures or orthogonal surfaces, and guiding the robot in accurate motion profiles, like movement or grasping.
Soft robots offer inherent safety and flexibility, owing to their ability to passively adapt their elastic body, as per the given task and/or the objects with which they are interacting. However, they still require tactile sensing for control in real applications. In fact, tactile sensing is considered one of the most vital and useful feedback forms of data for soft robots. Tactile sensors lend soft robots an exteroceptive quality (Kar et al., 2022). Without tactile sensors, soft robots may fail due to deformation by external contacts or interaction forces in sophisticated scenarios, like locomotion in crowded places or over uneven terrain. Furthermore, tactile sensors are important in accomplishing tasks requiring skills, such as dexterous manipulation and object sorting.
As an example, a plant-inspired tactile sensing strategy has been proposed in Lucarotti et al. (2015) to find the bending curvature and external force. The strategy imitates tissue behavior at the convex and concave walls of a plant root, using two tactile sensing elements made up of stretchable and soft material. A pair of differential capacitive sensors are used as tactile sensing elements. The pair can adequately track the bending motion of a soft module. Thus, the bending curvature and contact pressure can be estimated, specifically, the mechanical configuration of the body gives the maximum deflection (or maximum bending angle) and the external force applied to the body. Experiments have been conducted using two fabric-based capacitive soft sensors in differential configuration on a cylindrical shaped elastomer.
Figure 5a shows the schematics of a soft sensing body with a focus on one sensing site. The left image shows the rest configuration while the right one illustrates bending configuration. The soft sensing prototype in rest configuration is shown in figure 5b, with one sensing element zoomed in inset. Figure 5c illustrates the soft sensing body in bent configuration, along with optical microscopic views of the sensing elements. The concave (compressed) and convex (stretched) sides of the cylinder are evident in the microscopic views.
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Figure 5: A differential textile-based capacitive sensor pair to estimate bending curvature and external force. 
Source: Lucarotti et al. (2015). CC BY 4.0.
Other relevant examples include
· soft tactile-sensing skin (Roberts et al., 2021).
· GelSight, a high-resolution tactile sensor for geometry and force estimation (Yuan et al., 2017).
· stretchable and flexible textile-based tactile sensors (Buscher et al., 2015).
· soft tactile sensors for an anthropomorphic robotic hand (Jamone et al., 2015).
Multi-Modal Sensors
Another interesting development in soft robotics is to design and develop sensors that can perceive several modes, such as self-state sensing, as well as sensing environmental parameters. Multi-modal sensing is instrumental in designing closed-loop control systems to achieve autonomy, based on the multitude sensory feedback.
Multi-modal sensing also helps in extreme environments. Soft robots are generally considered ideal in harsh environmental conditions, due to their outstanding and unique features of conforming with the environment. However, sensing in extreme conditions is still a great challenge for soft robots, particularly if the robot undergoes large and complex deformations with large changes in temperature. Soft sensors, with liquid-metal as their medium, have limited real-world applications due to the compromise between environmental robustness and large deformations.
An example of a multi-modal solid-state soft sensor is reported in Cheng et al. (2021). The sensor perceives deformation and estimates the environment’s temperature using hydrogel and silicone. The transparency and conductance of hydrogel was exploited to permit deployment of both resistive and optical sensing in one sensor. The multi-functional sensory information was extracted by the custom-developed neural network. Twisting and stretching were also measured by the single sensor and the distinctive response against change in environmental temperature was exploited for estimation of the environment’s temperature. Figure 6a shows the designed and manufactured multi-modal soft sensor with LED operation, while figure 6b illustrates a cross section of the sensor, which utilizes standard silicone molding (fig. 6c). The high intrinsic transparency of the solidified hydrogel is shown in fig. 6d. The sensor deploys hydrogel in a novel way (fig. 6b, 6d) to integrate optical and resistance detection. The proposed sensor can function in extreme temperature conditions (0–60°C) with large deformations (within 150% of strain, fig. 6e). The high stretchability of the sensor is also evident.
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Figure 6. A multi-modal sensor made up of silicone and hydrogel for sensing self-deformation and environment temperature
Source: Cheng et al. (2021). CC BY 4.0.
Another prominent example of a multi-modal sensor is reported in Rocha et al., (2017), involving a sensor that detects contact pressure and proximity sensing based on comparing changes in resistance and capacitance. Other examples of multimodal sensors applied to soft robotics include work reported in Yoon et al. (2018) for contact localization and deformation; work reported in Lo et al. (2022) for pressure, strain, and temperature sensing; work reported in Shimadera et al. (2022) for sensing contact force, contact location, and temperature; and work reported in Zhao et al. (2016) for strain and pressure sensing.
Self-Check Questions
1. Proprioception includes the information to perceive which of the following? Please mark the correct statement(s).
· motion
· location
· temperature
· actions
2. Write the correct type of sensor (exteroceptive or proprioceptive) against each of the following:
· Tactile sensor
· Bending angle sensor
· Strain sensor
· Proximity sensor
· Curvature sensor
a. Tactile sensor = exteroceptive
b. Bending angle sensor = proprioceptive
c. Strain sensor = proprioceptive
d. Proximity sensor = exteroceptive
e. Curvature sensor = proprioceptive

3.2 Sensing Technologies
The sensing mechanism plays a vital role in the detection of various real-world stimuli. Different sensing technologies have been proposed and developed over the last decade, including resistive, capacitive, magnetic, optical, piezoelectric, and triboelectric methods. Many of these technologies have a potential in both proprioceptive and exteroceptive sensors. An important factor behind stretchable sensing is the development of conductive and highly stretchable materials that can be used as electrodes. The most commonly used electrodes include conductive liquid, conductive polymer/hydrogel, nanocomposites, and conductive fabrics.
Resistive Sensors
Resistive sensors exploit Pouillet’s law (equation 1), which gives the relationship of resistance (R) of an ideal single-material uniform cross-sectional conductor in terms of its physical dimensions and resistivity (ρ)
	
	(1)



where l is length of the conductor and A is its cross-sectional area.
The law can be interpreted as the change in physical dimensions ( and ), resulting in a change in resistance. Since mechanical deformation also results in a change in dimensions, sensing the resistance can be correlated with deformation measurement.
[bookmark: _Hlk126831605]Operation
When a tensile stress is applied to the materials (with +ive Poisson’s ratio), its length is increased, while the cross-sectional area is reduced, thus increasing the resistance (figure 7). This variation in resistance is measured by the resistive strain sensors. In other words, the measured changes in resistance correspond to the deformation in the sensor’s hardware. Strain can be finally calculated based on this small change in resistance.
Microchannels in stretchable strain sensors contain embedded conductive liquids. Bending sensors are made up of flexible elastomers with impurities, such as carbon. Resistive sensors attain sensing form by exploiting the flowable nature of ionic liquids embedded in elastomers, or the stretchability of hydrogels and ionic polymers. It is pertinent to mention here that Pouillet’s law is also relevant when describing the resistance in liquids, though the shape of a liquid is governed by the container shape. 
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Figure 7. Resistive sensor to sense strain and pressure
Source: Jamshed Iqbal (2023), based on Wang et al. (2018). CC BY 4.0.
A sub-category of resistive sensors is piezoelectric ceramics and piezoresistive polymers, which can be used in dynamic and static tactile sensing. Stretching and tension change the resistance of piezoresistive layer. This change can be used to measure the corresponding force or tension after proper calibration. Based on elastomeric composites, piezoresistive sensors involve changes in both geometry and resistivity when subjected to pressure or strain (figure 8). The electrical and mechanical properties of these easy-to-manufacture composites can be tuned. However, they suffer from a slow response, large hysteresis, and slow recovery time.
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Figure 8. Piezoresistive sensor; 
Source: Wang et al. (2018). CC BY 4.0.
Advantages and limitations
Developments in resistive sensors using conductive polymers for measuring force date back to 1977 (Eventoff, 1992). Nowadays, we have various kinds of COTS-resistive sensors to provide different functions, such as measurement of grasping force and haptics-based identification of diverse objects. These sensors are economical, offer ease of manufacture, possess simple electronics for readout, and exhibit flexibility in terms of design in various forms and applications. They are robust against electrical noise and do not suffer from electromagnetic interference. Their disadvantages include poor sensitivity, high nonlinearity, limited bandwidth, slow recovery after unloading, low repeatability, large error due to hysteresis, and large temperature drift. They also require thorough and careful design to robustly connect the wires to the liquid channel.
Example
As an example, proprioceptive flexible fluidic actuators developed in a study by Helps and Rossiter (2017) are based on resistive sensing. Experimental results showing inflation (filling with fluid) and deflation (emptying fluid) with the actuator are illustrated in figure 9. The profile of resistance variation (while inflating and deflating three times) as a function of the bending angle is shown in figure 9a. The frames from an experimental video illustrating the actuator curvature are pictured in figure 9b. The labels marked in figure 9b correspond to the regions in figure 9a. The resistance was decreased during inflation and increased when the actuator was deflated. The curve in figure 9a goes beyond rest position (0°) at point “a,” since the pressure applied to the soft structure is less than atmospheric pressure. This leads to deflection in the direction opposite to that of inflation.
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Figure 9. Resistive sensors (a) Profile of resistance variation (B) Video snapshots 
Source: (Helps and Rossiter, 2017). SEND TO INTERFOTO.
Capacitive Sensors
In addition to resistance, sensors responding to impedance changes also include capacitance and inductance changes to quantify deformation of hardware of soft sensor.
Operation
When an elastic body is deformed, its capacitance varies due to geometrical changes in the body (figure 10). These variations are measured by capacitive sensors. This sensor is composed of conductive electrode materials and a dielectric medium between these electrodes. The general configuration is a parallel plate-type capacitor for tactile sensing. The capacitive sensor depends on the dielectric material and variations in distance between the electrodes. The design parameters are dielectric loss, dielectric constant, and related mechanical properties. The capacitance of a parallel plat capacitor can be given by
	
	(1)



where is the distance between electrodes,  is area of a plate,  is absolute permittivity, and  is relative permittivity. The common dielectric material for capacitive tactile sensors in soft robotics is elastomers, like silicones to provide elasticity and achieve chemical stability. Meanwhile, polymer/carbon composites and polymer/metal composites are commonly used as electrode materials. 
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Figure 10. Capacitive sensor 
// Comment: (c) on top left needs to be removed.
Source: Wang et al. (2018). CC BY 4.0.
Advantages and limitations
Capacitive sensing can be used in both proprioceptive and exteroceptive sensors and in both industrial and research-based setups. Capacative sensors have good linearity, a large dynamic range, fast response, high sensitivity, high spatial resolution, and decent frequency response. However, they are not immune to multiple noises. Capacitive sensors are also prone to contaminations from the environment, such as vaporous water, liquid, dust, and oil. Shielding methods are used to resolve these issues; however, they make manufacturing more challenging. Moreover, these sensors are sensitive to both strain and pressure and entail challenges to decouple the two quantities.
Example
As an example, a plant-inspired tactile sensing strategy was proposed in Lucarotti et al. (2015) to find the bending curvature and external force. Using compliant materials, the sensing system consisted of two capacitive sensors arranged at 180°, as shown in figure 11.  The silver-plated electrodes are made of a combination of elastic fibers and nylon, while the dielectric is made up of a silicone elastomer film. Stretching deforms the opposite tissues on the root wall and this process is emulated with two tactile sensors. The capacitive sensing elements are made up of elastomers and conductive textiles. The soft elements followed deformation in the body by conforming to reversible shape changes in an analogous way as the tissues of a plant root is stretched. The bending of the module results in opposite configurations at the two sensing elements: convex (stretching) and concave (compressing), as shown in figure 11.
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Figure 11: A plant-inspired capacitive tactile sensing strategy
Source: Lucarotti et al. (2015). CC BY 4.0.
Magnetic Sensors
A magnetic sensor typically consists of a permanent magnet (source of magnetic field), a Hall-effect sensor (a magnetic field sensor) embedded in the elastomer, and a soft medium. 
Operation
Stretching, compressing, or twisting the soft medium changes the position and orientation of the Hall-effect sensor relative to the permanent magnet. These changes vary the readout of the magnetic field from the sensor.
The magnetic field of the permanent magnet is sensed by the Hall-effect sensor. The permanent magnet exhibits a pre-defined pattern of magnetic field as a function of distance. For tactile sensing in a soft robot, touch results in exerting some pressure/force on the surface, which displaces the magnet’s position and ultimately alters the initial pre-defined magnetic field at the sensor location.
Exploiting this concept, magnetic sensors have been designed to be used for proprioception, as well as for exteroception. The working principle of the magnetic sensor is illustrated in figure 12 where a three-axis soft tactile sensor based on a magnetic field is shown.
[image: Sensors 16 01356 g001]
Figure 12: Magnetic field-based tactile sensing: (a) Schematic of unloaded sensor (b) Sensor with  applied (c) Sensor with  and  applied
Source: Wang et al. (2016). CC BY 4.0.
Advantages and limitations
Hall-effect sensors are accurate, highly sensitive, and inexpensive, and provide precise measurement and rapid feedback. Owing to the easiness to manufacture and integrate the system, they are also accessible. Three-axis tactile sensors offer detailed sensory feedback of contact forces. They also do not have hysteresis problems, due to the noncontact nature of measurement. They can measure both tangential force and perpendicular forces on the surface. Moreover, multiple sensors arranged in different orientations on a surface permits classification of various objects’ shapes via tasks like grasping. They are reliable and have a long life span, since no wired connection is involved.
Their downside is an inherent vulnerability to external magnetic field interferences. In addition, they are not usable when the soft robot must interact with objects consisting of ferromagnetic material.
Example
These sensors are usually manufactured using silicone rubber cast into 3D-printed molds. Various designs of Hall-effect-based sensors are reported, correlating the change in magnetic field with the applied force. Some of these works also demonstrated haptic-based objects classification and obstacle avoidance based on tactile sensing. As an example, MagOne, a high-resolution, three-axis force sensing Hall-effect sensor, is reported in Wang et al. (2016). The form factor of the sensor permits its easy integration in other applications (figure 13).
[image: Sensors 16 01356 g008] [image: Sensors 16 01356 g009]
Figure 13: MagOne: (a) Prototype design (b) Mould (c) Fabricated elastomer (d) Prototype
Source: Wang et al. (2016). CC BY 4.0.
Optical Sensors
These are one the most desirable and sophisticated sensors, particularly for devices suffering from space constraints. Recent advancements in opto-physics and engineering have made these sensors appropriate for a range of applications, for example, deflection sensing and tactile sensing, determining structural stretching or bending, and sensing pressure and force applied to an object.
Operation
Optical strain sensors sense the variations in light frequency, intensity, or phase caused by pressure or strain applied to an elastic waveguide, optical fiber, or any other light transmission medium. A typical mechanism to measure light intensity consists of a light-emitting diode (LED, which acts as a source); a photodiode (which acts a detector); and a light transmission medium, shown in figure 14.
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Figure 14. Fiber/waveguide-based sensing for sensing strain and pressure
// Comment: (d) on top left needs to be removed.
Source: Wang et al. (2018). CC BY 4.0.
Advantages and limitations
Optical sensors are accurate, highly deformable, resistant to environment contaminations and electromagnetic interference, and can provide real-time data. Their key advantage compared to other sensing technologies is that optical sensors do not involve electronic components and connecting leads distributed over the sensing area. The only requirement affecting the material choice here is its capability to transmit light, thus optical sensing adequately addresses the disadvantages related to the sensing methods involving ionic or electrically conductive materials. These sensors do not need high-quality optical materials because the scale on which light needs to be transmitted is in centimeters. In addition, the sensors provide an opportunity to benefit from several adaptable task-specific techniques to acquire repeatable data. One of the drawbacks of optical sensors is that they require relatively complex electronics.
Application domains unleashing the potential of optical sensors include omnidirectional soft actuators (monitoring direction and bending angle), pneumatic hands (feedback loop control), and soft prosthetic hands (sensing curvature and contact force).
Examples
As an example, Shimadera et al. (2022) used optical sensing with a single soft material to sense three different stimuli: pressure, temperature, and shape. The proposed approach relied mainly on irradiating the soft material with a laser light (figure 15). The optical scattering phenomenon encoded the stimuli information into the pattern, which contained several useful details about the material deformation. A deep learning method then decoded the pattern.
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Figure 15: Schematics of an optical sending-based approach
Source: Shimadera et al. (2022). CC BY 4.0.
Another prominent example of an optical sensor is TacTip, which is a soft tactile sensor to monitor the structural deformation using an embedded camera (Ward-Cherrier et al., 2018). TacTip is a family of soft sensors with different morphologies developed for robotics and biomedical sectors. The design of all of the family members is inspired by the same biomimetic principle. Figure 16 illustrates an open-TacTip sensor.
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	[bookmark: _Hlk120837838]Figure 16: (a) Open-TacTip schematic (b) TacTip mounted on the ABB robot arm with the cylinder being rolled over
Source: (Ward-Cherrier et al., 2018). © The Authors. Published by Mary Ann Liebert, Inc., CC-BY 4.0 license. CHECKING INTERFOTO.


Miscellaneous Sensors
In addition to the sensors mentioned above, other sensors that can be used in soft robotics include piezoelectric, inductive, triboelectric, stretchable waveguides, and fiber Bragg gratings (FBG). Piezoelectric sensors can be self-powered or externally powered. Self-powering is based on the piezoelectric effect instigated due to internally polarized states. Alternatively, the sensor can be actuated with an external power source and vibrates with resonant frequency, which shifts under stress. Piezoelectric sensors possess a high frequency response; however, they exhibit low spatial resolution.
Inductive sensors exploit the variations in the self- or mutual inductance of a coil, due to changes in its geometry, eddy-current effect, mutual inductance, and magnetic reluctance. Inductance changes can be measured to monitor strain, deformation, pressure, and displacement. However, these sensors are not widely deployed in soft robotic systems (Kar et al., 2022). They offer high reliability, linear output, high dynamic range, and resistance to environmental contaminations. Moreover, they are inexpensive and can be used at high-frequency ranges. However, they are usually bulky and cannot typically be incorporated in a soft robot. The inductive sensors require complex signal conditioning electronics.
Table 1 compares different sensing technologies against various performance indicators, while table 2 presents a concise summary of different soft sensors, with emphasis on materials, functionality, and applications (Wang et al., 2018).
	

	Category
	Indicator
	Resistive
	Capacitive
	Magnetic
	Optical

	Performance
	Repeatability
	Moderate
	Good
	Good
	Good

	
	Flexibility
	Yes
	Moderate
	Moderate
	Moderate

	
	Hysteresis
	Moderate
	Very good
	Moderate
	Good

	
	Sensitivity
	Good
	Very good
	High
	High

	
	Accuracy
	Moderate
	Moderate
	Good
	Good

	
	Linearity
	Moderate
	Good
	Good
	Good

	
	Sensitivity to interference
	Low
	Yes
	Yes
	Moderate

	Practicalities
	Cost
	Moderate
	Low
	Moderate
	High

	
	Fabrication
	Complex
	Easy
	Moderate
	Complex


Table 1. Comparative review of sensing technologies for soft robotics 
Source: Jamshed Iqbal (2023), based on Kar et al. (2022).
// Comment: This is caption of Table below – To be re-written for high resolution
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Table 2. Technologies used on soft sensors 
Source: Wang et al. (2018). CC BY 4.0.
Self-Check Questions
1. Name at least three sensing techniques used in soft robotics.
· resistive
· magnetic
· optical
· piezoresistive
Summary
Sensing is essential for the intelligence and autonomy of a soft robot. Thanks to advancements in flexible structures and materials, compliant sensors, flexible electronics, and manufacturing technologies, soft sensing has been a key area of research since the emergence of soft robotics. Despite this, soft sensors are still in an early stage of development, especially when compared to the development of soft actuators. The lack of practical breakthroughs in soft sensing has delayed widespread adaptation of soft robots in commercial and industrial setups. Realizing this gap, during last five years, several studies have reported inexpensive and easy-to-manufacture soft sensors with the aim of smooth integration into flexible robot structures, without impacting deformation performance. Various reliable and accurate proprioceptive (e.g., curvature) and exteroceptive (e.g., tactile) sensors with minimal hysteresis have been proposed. Owing to their low impedance, stretchable and compliant soft sensors are ideally suited for unobtrusive sensors and wearable systems. Curvature sensors give the internal state of the robot, while tactile sensors offer an effective and safe human-machine interface for controlling a soft robot.
Some key recent research avenues have investigated liquid-metal-based resistive sensord, textile electrode-based capacitive sensors, embedded magnetic sensors, nanocomposite-based piezoelectric sensors, and optical fiber curvature sensors. Liquid-metal-based resistive sensors enclosed in elastomers work on the principle of resistance changes, subject to deformation or stretching. This is very similar to the behavior demonstrated by strain gauges, although liquid-metal-embedded elastomers are more flexible and have the advantage of operating in the same modulus range as that of soft robots.
Despite the availability of diverse soft sensing techniques, there is still a long way to go to fully unleash their potential in soft robotics for real-world applications. Given the many types of soft robots actuated with several different actuators, it is not realistically possible to have a universal sensory system.
The implementation of mechanically perceptive soft robots pose several challenges. A key issue encountered while designing the sensing system is that there is no clear distinction between tactile sensing and proprioception. In addition, the need to simultaneously incorporate proprioception and exteroception sensing in a single soft robot calls for the design and development of novel sensing mechanisms for soft robots.



Unit 4 – Modeling and Control

Study Goals

On completion of this unit, you will be able to …

… identify the role of modeling and control in robotics.
… point out real-world examples of soft robot models.
… classify control techniques for soft robots.



4. Modeling and Control
Mathematical models of real-world systems are instrumental in studying, analyzing, and simulating system behavior. Quantitative models facilitate our understanding of complex physical systems. Such models can be derived by analyzing the relationships between the variables of a system. The models are aimed at providing the description of a system (such as an electromechanical or robotic system) and the physical environment in which the system is operating. In addition to aid in system understanding, mathematical models can be used in the design and analysis of controllers for physical systems.
4.1 Basics
The design of robotic systems essentially starts with gathering and analyzing the requirements (Figure 1). These requirements usually need to be translated to technical specifications. These specifications are used to select robot kinematic and physical parameters. Kinematic parameters are related to the number of joints with their range of motion and number of degrees of freedom (DoF). Physical parameters are related to obviouss features, like dimensions and weight, as well as the choice of mechanisms for actuation, sensory feedback, and force/torque transmission. Technical specifications These include accuracy, precision, repeatability, reliability, action radius, movement speed, and payload capacity.

Once the robot’s parameters are identified, the robot needs to be modeled. In the domain of robotics, the most common kinds of models are kinematic and dynamic models. The approach in deriving the system models can be summarized as follows:
1. System definition, along with a description of its components
2. Formulation of a mathematical model and listing the relevant assumptions
3. Obtaining the set of equations to represent the model
4. The solution of these equations to determine the required output quantities
5. Examination and verification of the solution obtained and the assumptions
6. Re-analysis of the system (if required)
One type of control law design exploits the model-based strategies to obtain the desired performance. Based on the dynamic model, an efficient controller considering the system characteristics can be designed (Lee at al., 2017). Lastly, the prototyping stage involves the implementation of the designed control law using a microcontroller, embedded controller, programmable logic controller, field programmable gate array, or discrete components.
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	[bookmark: _Hlk122171850]Figure 1: Typical overall sequential approach to design control laws
Source: Ajwad et al. (2015). Used with permission.


Modeling
It is possible to represent a system using mathematical equations. The mathematical model is an abstract representation of a physical phenomenon of system, where the system behavior is approximately represented by a set of equations. The mathematical model is, therefore, systematically developed from a mathematical model of idealized components themselves or a model of their interconnection patterns. Having obtained the mathematical model of a system, the available analytical software platforms facilitate the conduction of a thorough investigation and analysis to fully understand the system behavior.
As an example of a simple electrical system, a resistor  can be mathematically modeled by Ohm’s law, given in equation (1), which relates the voltage () across the resistor with the amount of current  passing through it (see figure 2).
	
	(1)
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	Figure 2: Schematic of a resistor
Source: Jamshed Iqbal (2023).


As an example of a simple translational mechanical system, a mass  can be mathematically modeled by Newton’s law given in equation (2), which relates the force () across the mass with the acceleration  it experiences (see figure 3). The model can be represented in terms of velocity  and displacement .
	
	(2)
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	Figure 3: Schematic of a mass being translated on a surface
Source: Jamshed Iqbal (2023).


Kinematics is the branch of mechanics that deals with motion without considering the forces that are responsible for this motion. Kinematic study is the study of time-based and geometrical properties of motion. Kinematics can be categorized into forward kinematics and inverse kinematics. Considering a robotic manipulator, the forward kinematic problem deals with computing the end effector or tool’s pose (position and orientation) when the joint variables (e.g., angles for revolute joint and distance for prismatic joint) are given. The inverse kinematic problem is exactly the other way around, namely, it determine the joint variables that are required to ensure the given tool’s pose. The inverse kinematics is potentially more useful in the practical applications of robots.
On the other hand, dynamics involves studying the forces that cause motion. Considering a robotic manipulator at rest, to accelerate it to attain a uniform tool’s velocity and, subsequently, to stop the robot, the actuators must apply a specific set of torque functions to the joints. One method of manipulator control to track the reference trajectory relies on the calculation of the actuator torques, which use the manipulator dynamic model.
Considering an example from robotics, figure 4 shows a traditional single-link revolute joint robotic manipulator. The single DoF in the rotational joint of the mechanism is provided by a motor. The forward kinematic model of this simple mechanism is written in equation (3).
	
	(3)
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	Figure 4: A single DoF rigid link manipulator
Source: Jamshed Iqbal (2022).


The inverse kinematics of the single DoF rigid link manipulator is written as
	
	(4)


Please note the unusual notation of tan inverse in equation (4). This notation is used to ensure that final value of the joint angle () is correct, keeping in view the quadrant adjustments, which depend on the signs of both  and .
Control
The control system is very important for all engineers. The history of control dates back to 1767 with the invention of the first notable control device, James Watt’s flyball governor. Automatic control devices work by measuring the existing value of a quantity or condition, which is then compared with the desired or reference value. The difference between these two values is used to initiate the action for difference.
There are several advantages of automatic control systems, which include the following:
1. Reducing cost of energy or power
2. Improving the quality of products
3. Increasing the productivity
The control system can be broadly categorized into an open-loop configuration or a closed-loop of feedback configuration. The open-loop configuration is also known as control system without feedback or a non-feedback system. As illustrated in figure 5, this configuration does not involve a comparison between the output and the reference input, thus making the control action independent of the required output. The controller may be an amplifier or filter, for example, depending on the system. Open-loop systems are economical, since they involve fewer components compared to their closed-loop counterparts. The accuracy of open-loop systems depends on their calibration, since there is no sensory feedback. Examples of open-loop systems are automatic washing machines, traffic signals, field-controlled DC motors, and immersion rods.
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	Figure 5: An open loop control configuration
Source: Jamshed Iqbal (2023).


Conversely, the closed-loop control configuration incorporates one or more feedback paths, thus making the control action dependent on the required output. This essentially involves a comparison between the output and the reference input to produce an error signal, as illustrated in figure 6. In an attempt to reduce the error, the error signal is fed to the controller. Reducing or minimizing the error can be attributed to obtaining the desired output. Owing to the feedback loop, these systems permit the simultaneous handling of a number of variables. Moreover, a feedback loop permits the handling of modeling uncertainties. It is important to note that the feedback can be negative or positive. Since the objective in most of the applications is to reduce the error signal, most of real-world control systems use negative feedback.
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	Figure 6: A feedback loop control configuration
Source: Jamshed Iqbal (2023).


As an example of a feedback loop configuration, figure 7 illustrates the control architecture of a robotic finger, which is one unit of a hand exoskeleton system reported in Iqbal et al. (2015a). The system input is the desired angle value(s) or reference trajectory. Encoders attached to the motor measures the motor’s shaft and feeds it back to the controller, thus implementing position feedback control system. Figure 8 shows the results of trajectory tracking. It is very common in robotics and control domains to see such graphs where the actual/measured quantity is compared with the desired/reference quantity (Ajwad et al., 2014). Such a comparison is essentially used to characterize the control performance.
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	Figure 7: Example of a closed loop control system
Source: Jamshed Iqbal (2023).
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	(b)

	Figure 8: Trajectory tracking (a) Step response (b) Sinusoidal response
Source: Iqbal et al. (2015a). Used with permission.


To summarize the discussion on control fundamentals, a comparison between open-loop and closed (feedback)-loop control configurations is presented in table 1. The comparison favors the closed-loop control systems, which is why most robotics applications involve a form of feedback loop in their design.
	Table 1. Comparison of open loop and feedback loop configurations
Source: Jamshed Iqbal (2023).

	Parameter
	Open loop system
	Closed loop system

	Reliability
	No
	Yes

	Build easiness
	Yes
	No

	Stability
	More
	Less

	Optimization
	Not possible
	Possible

	Speed
	Slow
	Faster

	Maintenance requirement
	Less and easy
	Difficult



 Associated Challenges 
Robots, particularly multi-DoF robotic manipulators, generally have a sophisticated structure with nonlinear and coupled dynamics that are prone to uncertain parameters. A commonly adopted approach for obtaining an acceptable model starts with an approximate idea of system dynamic response and uses it to build a suitable model. During this process, the simplified model is linearized by neglecting some nonlinearities and not accounting for certain insignificant physical properties. In reality, neglecting nonlinearities in a complex system necessitates introducing and expressing certain assumptions regarding the operation of the system.
All real-world systems are actually nonlinear, though many of them are assumed to function linearly at some range or under certain assumptions. Generally, systems behave nonlinearly with an increase in the values of the variables beyond the limit. For example, theoretically speaking, as per Ohm’s law, a resistance is a linear system, which implies that an increase in voltage V across a resistor should always linearly increase the current I through it. This phenomenon is true when the voltage is of relatively small magnitude (see the ohmic region in figure 9). However, this behavior does not always occur, since, practically speaking, a resistor cannot be subjected to very high voltage. If it is subjected to high voltage, it will result in extremely high values of current passing through the resistor, ultimately burning it. This is labeled as a non-ohmic region in figure 9. In fact, all models are nonlinear, though they may be assumed to perform linearly at a certain range.
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	Figure 9: Actual VI characteristics of a Resistor  
Source: Jamshed Iqbal (2023).



The nonlinear nature of physical systems, due to modeling uncertainties or the inexact cancellation of nonlinear terms in the model, poses complex challenges in terms of control design. These challenges limit the use of linear control strategies that are based on classical control laws and are unable to offer robustness (Iqbal et al., 2015b). In addition, linear control techniques cannot adequately handle friction or variations in environmental parameters. One way to improve the system nonlinearities is to derive a precise model of the system which accounts for the nonlinear nature. This may sound like a good solution; however, it is not generally possible to derive an exact system model. Thus, nonlinear and sophisticated control techniques are required to achieve guaranteed stability and optimal performance in a highly constrained environment. Under the umbrella of modern control, various robust and adaptive control strategies have been proposed for highly nonlinear system with coupled dynamics.  Robust control laws involve knowledge of the prior parameters of the system. Adaptive control strategies have an enormous potential in complex systems that pose a great deal of difficulty in implementing model-based control methods. Finally, it is pertinent to mention here that control law based on adaptive and robust control techniques can be formulated to achieve a superior control performance.
Self-Check Questions
1. Closed-loop control systems are preferred over open-loop systems for what reasons?
· reliability 
· disturbance rejection capability
· faster response 
· possibility for optimization
4.2 Modeling of Soft Robots (With Examples)
Soft robot modeling is a challenging endeavor for several reasons. The underlying materials and their geometry have inherent nonlinearities. In addition, high strains and displacements in actuators demonstrate a nonlinear response. The flexible structure of soft robots tends to signify the impact of distributed loading, since unknown loads externally may change the position, status, or shape of a soft robot. The sequential nature of steps, as illustrated in figure 1, adds further challenges; difficulties in kinematic modeling makes dynamics formulation cumbersome and imprecise, thus aggravating uncertainties in models. Conversely, even assuming the availability of precise and perfect soft robot models, a suitable controller will need one or more feedback sensor(s) with high dimensions. Furthermore, owing to the underactuated nature, some disturbances and dynamic characteristics are inherently uncontrollable. Furthermore, the lack of availability of integrated sensors, accuracy of sensory feedback data, and reliability of techniques to estimate parameters are crucial. Often, an underactuated mechanism is used in the soft robots, this implies that these robots may have several passive DoFs.
Therefore, crucial factors include inherent nonlinearities, complicated structural mechanics, compliant structures, large or continuous intrinsic deformations, slow responses, viscoelasticity, hysteresis, mechanical coupling, and friction between a soft robot and sensor. Due to these factors, the complex behavior of soft robots in the presence of friction makes the prediction of robots’ responses difficult, making the derivation of an accurate model challenging. A small mismatch between the developed model and the real system may result in totally different responses.
Owing to these challenges, the situation presents a dilemma; excluding all these factors while developing a model of a soft robot would lead to inaccuracies, while including them results in a computationally expensive model, which would be of little use in practice. The classical modeling theories and their approximate solutions pose several constraints and necessitate complex numerical analysis. This situation calls for further research in developing accurate and fast models in soft robotics.
The close analogy between muscles and soft actuators has inspired researchers to use biological approaches to model and control soft robots (Rus & Tolley, 2015). Investigational studies to thoroughly understand how soft organisms work provided some breakthroughs in soft robotics. Results of these studies have reflected on mechanics and control of the corresponding soft robotic systems. As an example, many biomimetic designs involving adaptive soft actuation are inspired by octopuses. Similarly, soft mobile robots got inspiration from the caterpillar.
The motion of rigid bodies can be modeled with six DOF, which corresponds to three translations and three rotations along x, y, and z axes. However, the motion pattern of soft robots cannot be confined to planes only. Moreover, the elastic material used in soft robots can twist, bend, wrinkle, buckle, compress, and stretch. This resembles an infinite DOF motion, making the modeling very challenging. Thus, the kinematic and dynamic modeling of soft robots is unlike traditional rigid-bodied robot modeling. Due to these fundamental differences, the research community has proposed and derived new kinematic and dynamic models to adequately represent the bending and flexion behavior of soft robots. Reliable and relevant results, both at the micro and macro scales, have been reported.
Typically, the procedure starts with design and/or parameterization of soft robotic segments, followed by a finite element analysis (FEA; Runge & Raatz, 2017). The soft robot is then kinematically modeled using state-of-the-art approaches. The formulated equations representing system kinematics are solved using computational software to validate the model. Recently, machine learning algorithms have also been applied to the derived kinematic model of the robot.
Simulation and modeling approaches for soft robots can be broadly categorized into kinematics, multibody dynamics, and finite element methods (FEM). Generally, kinematics can be interchangeably considered a static level, while a full dynamic model is of second-order equations. 
Kinematic Models 
Soft robots are generally composed of a series of actuation elements, thus making their kinematics similar to those of hyper-redundant robots with large DOFs, or continuum robots. This correlation makes continuum robot modeling relevant in soft robotics modeling. Consequently, several methods and algorithms have been used to model soft robots, many of them using concepts from continuous mathematics. This is consistent with the fact that a continuous function can be used to describe the final shape of a soft robot.
Let us first understand various operational spaces of a continuum (or soft) robot, as illustrated in figure 10. Actuator space may include quantities related to actuators, like voltage, pressure, and torque, or components associated with actuators, such as encoders. Examples of joint space include cable lengths and tension in cables. Arc parameters are examples of configuration spaces, while task space can be related to the end effector pose or force exerted by the end effector on objects performing a task.
	[image: ]

	Figure 10: Definition of operating spaces of a continuum robotic manipulator  
Source: Jamshed Iqbal (2023), based on Thuruthel et al. (2018).


The most useful, simplest, and widely adopted kinematic model is Constant Curvature (CC) approximation, which is based on the assumption that three variables can be used to parameterize the configuration space of a 3D continuum (or soft robot). This approximation ignores part of the robot’s dynamics to reduce a structure of infinite dimensions into a 3D form. Webster and Jones (2010) proposed a straightforward variant of CC approximation named the planar piecewise constant curvature (PCC), which involves a series of constant and mutually tangent curvature sections. With strain assumed to be piecewise constant, the discontinuities happen at fixed points along the rod.
PCC approximation is meaningful, given the uniform distribution of internal potential energy, particularly in the case of soft robots involving fluidic actuators. PCC is a modular and powerful approach that unifies previous kinematic methods. The approach allows a soft robot to be represented with a finite number of curved links. Exploiting the modularity of the approach, the kinematic model of continuum (or soft) robots can be split into a component specific to a robot and another component independent of the robot. These two components respectively map actuator space to configuration space and configuration space to task space, as illustrated in figure 10.
PCC approximation is valid in case of uniformed shaped manipulators with symmetrical design of actuators, negligible external loading, or inertial effect minimal torsional effects. Moreover, the approximation holds true in a steady state only because the CC model assumes strain to be constant along the manipulator length. Thus, the PCC approach cannot capture all perspectives of soft robotics. Consequently, non-constant curvature approaches have also been explored.
After establishing the kinematics of a soft robot, it is important to invert the kinematic model to formulate the equations in terms of the required actuator/configuration space variables. The inverse kinematics (IK) model computes the curvatures needed to place a given point on the body of the soft robot at a reference location. Compared to forward kinematics, the IK model is more challenging, and various IK formulations have been reported in the literature on semi-soft robots. Existing IK approaches for linear soft robots (e.g., arms) are limited, since they neither consider the end effector pose nor the whole body (Rus & Tolley, 2015). The end effector pose is important to manipulate the object in the task space. In addition, knowledge of the whole robot body is required in tasks involving autonomous obstacle avoidance, navigation, and path planning.
As an example, Yekutieli et al. (2005) detail the kinematics of an octopus “arm.” Following a bio-inspired approach, all the arm muscles are contracted by an activation signal. This results in an extension movement in a kinematically analogous way, comparable to that of natural motion. The robot motion is governed by the control of only two parameters: the traveling time of the activation signal and the signal amplitude. This method proposes that the octopus arm can achieve the desired kinematics by minimal muscle forces that are generated by minimal amplitudes of the signal. Increasing the amplitude will result in generating large forces that enhances the stability of the tentacle against perturbations, without altering the arm kinematics. The proposed modeling approach has the potential to exploit the arm biomechanics to independently control kinematic parameters and resistance to perturbation.
A related example from soft bodies is the modeling of a human tongue, reported in Napadow et al. (2002). The objective was to study the lingual deformations from a mechanical perspective. In particular, the relationship of tongue movement with intrinsic longitudinal and transverse muscles was investigated by modeling the tongue bending in the sagittal plane.
The modeling of hydrostat systems, like the tongue and octopus arm, helps in understanding the underlying mechanics of a soft robot motion. Results from these bio-inspired experiments have potential in soft actuator modeling, where it is vital to have analysis and data to verify the accuracy. The kinematic model of these robots can be based in a PCC approach.
Another example of soft robotics modeling is reported in Luo et al. (2014), where a soft snake driven with pressure was modeled. To unleash the benefits of hybrid designs, the snake was completed using soft segments and rigid links with (x, y) pairs representing points at each link. Several parameters of the snake and kinematic model are presented in the study.
Another recent example of soft robotic modeling is of a biologically inspired soft robotic frog (Soomro et al., 2021). The 3D-printed frog robot made up of multiple materials can synchronously swim under water. The derived kinematics focused on frog rare limbs, since these are the primary drivers for swimming. The proposed kinematic model has been simulated in the COMSOL Multiphysics platform.
Dynamics Models 
Kinematic/static modeling relies on steady state assumption. Consequently, control laws based on kinematic/static models are constrained in terms of the fast and accurate movement of soft robotic manipulators. Therefore, we need dynamic models that adequately capture the dynamic properties of soft robots for smoother, more efficient, dexterous, and faster operations. These models closely approximate the actual behavior of soft objects. Such models can also be used in applications where coupling effects must be considered. Dynamic approaches use real properties, like friction and contact, to augment the physical interactions. These models reflecting the distribution of contact forces (e.g., on fingertips) involve a stress-strain relationship and consider post-contact deformations.
Several methods to formulate dynamic techniques have been studied. Lagrange and Newton-Euler formulations are the most commonly used. The dynamic model can be simplified by applying Taylor series expansions to eliminate higher-order terms, thereby reducing computational costs.
Several soft robots consist of a structure with one dimension larger than the other two dimensions. In such cases, volumetric deformations can be neglected to effectively approximate the overall configuration and behavior of robots around the central axis. This is a realistic practical assumption, which permits using well-investigated theories related to continuum mechanics of rods to develop the dynamics of soft robots. The most prominent of these theories relies on Cosserat rod mechanics, which has been commonly used to model tendon-based soft manipulators (Renda et al., 2018). However, in the case of fluidic-actuated soft robots, different models have been formulated (Santina & Rus, 2019).
Figure 11 illustrates the Cosserat rod approach for modeling a soft robotic manipulator. r denotes the position of backbone, while (d1, d2, d3) represents its orientation in three dimensions. The backbone pose (position and orientation) are parametrized by a single variable s. F and f denote discrete forces and distributed forces respectively. A soft manipulator is acted on by both of these forces and moments (M).
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	Figure 11: Cosserat rod approach for modeling of a soft manipulator  
Source: Trivedi et al. (2008). CC BY 3.0.


Consider the definitions of configuration space and task space provided in figure 10. The robot state can be fully defined by the configuration space, which is a set of independent variables. Typically, the task space is a pose, which is the position and orientation of a tool or end effector. In a control problem, pose is a variable that needs to be controlled. Mathematically, Thuruthel et al. (2020), consider a soft robot with its kinematics modeled by configuration space . Using kinematic transformation given in equation (5), the task space variables  is determined as
	
	(5)


where and . The full dynamics of a soft robot as a function of a configuration space variable is given in equation (6).
	
	(6)



where  is the generalized internal force applied;  accounts for the effects related to gravity and stiffness effects;  jointly represent the centrifugal, Coriolis, and damping effects; and  denotes the inertial properties.
The full dynamic model is of second order, as indicated by term in equation (6). There have been attempts to apply model-order reduction techniques on soft robotics. One such study is reported in Thuruthel et al. (2020), where the full dynamic model has been reduced to first order by exploiting the material of soft robots. These robots are usually made up of viscoelastic materials, where the material density is low. This typically leads to high damping and low inertia. Initially, the robot is at rest where . When soft robot starts to move, it is in the initial transient phase of motion for a very short time. Once this phase is over, the first order term containing  dominates the second order term involving  i.e. . The possibility of neglecting the second order term in a steady state implies that the dynamic model can be reasonably approximated as a first order model without compromising the model accuracy. The modeling error is dominant only in the initial transient phase of the robot motion (Strogatz, 2001). Thus, the model order reduction applied on equation (7) results in
	
	(7)



The dynamic model of soft robotic systems opens new avenues in terms of a robot’s capabilities. The model permits including the physical phenomena as constraints; the phenomena can be related to manipulator compliance, gravity effects, or actuation limits. The dynamic model is potentially useful for designing control laws and devising algorithms for trajectory tracking and optimization.
As an example, a biologically inspired soft robotic frog is modeled in Soomro et al. (2021). The study is based on developing mathematical equations to compute the forces encountered by the frog as a result of its interaction with the surrounding water, the resulting translational acceleration, and the relationship between torque and angular acceleration. The dynamic analysis on a real frog has been formulated using the Lagrangian approach.
Another example of soft robot dynamic modeling is reported in Mazare et al. (2022), where a modular soft robotic manipulator was studied. The ultimate objective is to design an adaptive control law in a configuration space based on the robot dynamics. Considering a soft robot as a pseudo-rigid-body, the robot dynamics is based on a Euler-Lagrange formulation.
A fluidic-actuated soft robot inspired by a jellyfish for underwater exploration is modeled in Christianson et al. (2019). The untethered swimming robot is actuated with dielectric elastomers actuators (DEA). The fluid dynamics of fish locomotion has been analyzed to estimate an optimal driving frequency to maximize speed and minimize the cost of transport. Free swimming results are illustrated in figure 12.
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	Figure 12: Jellyfish free-swimming results.  
Source: Christianson et al. (2019). CC BY 4.0.


Finite Element Models
Deriving the mathematical model of soft and flexible structures is challenging, since both the kinematic and dynamic models heavily rely on the specific design and load conditions. Therefore, highly nonlinear deformation of soft robots can be potentially modeled by developing their finite element models (FEM). The simulation and optimization of soft robots involves the accurate modeling and representation of phenomena from multi-physics, such as mechanics, sensing, and actuation technologies. System complexity and operational constraints necessitate a compromise between accuracy and computational costs to design and develop soft robotic structures and mechanisms.
Among various modeling techniques, FEM has been widely studied in soft robots for several reasons, such as the fact it can address large deformations and material non-linearities. FEM can model the non-linearities associated with the robot design, the environment, and the interactions between a robot and its operational environment. Simulations based on FEM have the potential to replace (in parts) cumbersome and time-consuming experiments. Moreover, FEA can adapt to diverse geometries. FEA can closely mimic a soft robot by highlighting the design limitations and system performance at interactive rates (in a frequency as low as in the order of few Hz). It is widely used in design optimization, since soft robots can withstand strain of up to 1,000 percent without permanently deforming, owing to their compliant materials. Concepts and theories from solid mechanics and hyper-elasticity are exploited to model such large strains, while the modeling of relatively small strains is based on linear stress-strain relationships using shear modulus and bulk compressibility to define the properties. In some circumstances, FEM are the only modeling approach, for example, considering a soft actuator it is very challenging to calculate the axial and radial stretch with variations in fiber angle, owing to the structural heterogeneous composition.
From a soft robotics FEM perspective, two critical design parameters are material and geometrical parameters, since bending properties are directly related to the material type and geometry of soft actuator/sensor. Materials with a constant modulus of elasticity cannot be used to model soft robots, since flexible materials become deformed in a highly non-linear and reversible fashion. Hyper-elasticity modeling can address this challenge.
Many commercially available software tools are used for FEM/FEA. These include, for example, ANSYS Workbench software, COMSOL Multiphysics, Abaqus, Solidworks, Mathematica, and MATLAB Partial Differential Equation Toolbox. Moreover, there are online open-source platforms dedicated to different applications, though they can find potential in soft robots’ simulations as well. For example, Simulation Open Framework Architecture (SOFA) is a medical simulations-based platform; however, it can also simulate soft robots (SOFA, 2022). In addition, there are other custom FEA software, like soft body (e.g., VoxCAD) and soft cell simulators.
The main downside of FEM/FEA is its high computational cost. FEM does not lend itself well to real-time applications for increasingly accurate models, so it is an emerging practice to apply machine learning approaches for learning the nonlinear kinematics of soft robotic segments. Also, for real-time operations, FEM integration with controls is expensive, owing to associated computational costs.
As a detailed example to demonstrate the diverse potential of FEM/FEA, research in Hu et al. (2018) considered a pneumatic network actuator (PNA) and studied its actuation performance while considering many design parameters. FEM was used to optimize the actuator structure. Moreover, the resultant actuator design was experimentally evaluated in terms of quantitative performance. The diverse parameters to optimize the actuator performance included structural parameters (pressure, wall thickness, and gap between the chambers); bottom layer thickness; and the channel cross sectional geometry. The bending effect of these parameters to optimize the actuator performance was studied by plotting their relationships with the bending angle.
The PNA consists of a row arrangement of series of channels. The channels expand by inflating the actuator, thus leading to longitudinal deformation in the actuator. The two-layered actuator is illustrated in figure 13a, showing the bottom passive layer and the upper active layer. With the compressed air injected as input, the upper layer is deformed (figure 13c). If air pressure is increased, the structure is deformed with a bending angle exhibiting a linear relationship (figure 13b).  
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	(c)

	Figure 13. (a) PNA - longitudinal cross-sectional view (b) Relationship between pressure and bending angle (c) Illustration with variations in input pressures  
Source: Hu et al. (2018). CC BY 4.0.


The actuator material is silicone rubber, which was selected due to its cost, ability to be molded into diverse shapes when actuated with a low stress/pressure, and other desirable properties for actuation. In another experiment, the Young’s modulus of the silicone rubber was increased while observing the bending deformation. Initially, an exponential decreasing trend was observed. Afterwards, an inverse relationship between the modulus and the actuator bending arose, as illustrated in figure 14a. The actuator with silicone rubbers generated different bending angles when subjected to the same pressure of 20 kPa, as shown in figure 14b.
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	(b)

	Figure 14: (a) Relationship between Young’s modulus and bending (b) FEA result  
Source: Hu et al. (2018). CC BY 4.0.


Another experiment investigated the impact of varying the gap (between the neighboring channels) on the bending angle. Results revealed that the bending angle has an inverse relationship with the gap size, as illustrated in figure 15a. Experimental results (figure 15b) revealed that a small gap has the potential to generate a larger bending angle, implying that a small gap can be used. The neighboring channels touch each other with gaps of 0.5 mm and 1 mm. When the gap is increased to 2 mm, the adjacent channels do not overlap. To achieve large bending angles, the gap needs to be decreased. However, this may damage the channels. In an attempt to find a good compromise between these two aspects, a gap size of 1.5 mm is recommended in the study (Hu et al., 2018).
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	(b)

	Figure 15: (a) Relationship between channel gap and bending angle (b) FEA results 
Source: Hu et al. (2018). CC BY 4.0.


Finally, channels with four different cross sections were considered: rectangular, honeycomb, half-round, and round, as illustrated in figure 16b. For these cross sections, the bending angle profile as a function of input pressure was investigated and plotted in figure 16a. Similar bending angles are demonstrated by the actuators with honeycomb, rectangular, and half-round cross sections, while the round cross-sectional actuator provides the least bending when subjected to the same input pressure. The experiment was conducted with a constant volume and the same thickness of the bottom layer and wall. In addition, the total length was kept constant. However, the volume of the overall structure changes for comparison and quantification of deformation profiles in different cross sections. The bending angle has a direct relationship with the pressure, up to 25 kPa.  Above a 25kPa pressure, the neighboring channels touch and push each other, thus making the relationship nonlinear, since a complex interaction exists at higher pressures. FEA results are presented in figure 16c.
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	(c)

	Figure 16: (a) Relationship between different cross sections and bending angle (b) Fours cross sections (c) FEA results.
Source: Hu et al. (2018). CC BY 4.0.



The optimization procedure based on FEA resulted in a selection of a 1.5 mm wall thickness, 4.5 mm bottom layer thickness, and a gap of 1.5 mm between neighboring chambers. This configuration performed an optimized bending motion for the PNA.
Other examples using FEM/FEA in the design procedure are reported in Seyidoglu et al. (2021) and Tawk and Alici (2021).
Self-Check Questions
1. Inverse kinematic modeling of a soft robot involves which of the following? Please mark the correct statement(s).
· studying the forces that cause motion
· the non-linearities associated with the robot design, the environment, and the interactions between a robot and its operational environment
· the curvatures needed to place a given point on the body of the soft robot at a reference location 
· the design of control laws to place the object at the desired location
4.3 Control of Soft Robots (With Examples)
The control of conventional rigid-bodied robots and semi-rigid robots is well established now. However, most of these control laws cannot be directly applied on soft robots due to the infinite DOF of these robots. Soft robots exploit the compliance of the material to perform various functions. Thus, in contrast to conventional robots, soft robots can adapt their shapes in an active and passive manner with a carefully designed control law to ensure robust, safe, and effective interactions. As discussed in section 4.2, due to high dimensionality of soft robots, it is complicated to derive the exact models representing their kinematics and dynamics. Hence, conventional control laws suffer from extreme limitations while applied to soft robots.
It remains an unsolved problem in the robotics community to accurately and precisely control the motion and position of soft robots, owing to the nonlinear dynamics of soft actuators and sensors. The reported approaches for whole-body control consider rigid robots without extending the algorithms to include soft robots. Configuration control of a whole soft body is challenging due to flexibility associated with soft structures. Whole-body planning of soft robotic manipulators typically involves control of end effector’s pose and the positioning of varying workspaces of the soft robot, relative to its operational environment.
The control problem involves determining an input sequence, such as pressure or fluidic volume (in case of a fluid-driven elastic actuators) to acquire the desired position, shape, or velocity (Polygerinos et al., 2017). The approaches to control soft robots can be categorized into open- and closed-loop control. Compliance in soft robots makes implementing sensors and acquiring an accurate model difficult, leading to complexity in the controller’s design. Consequently, some research works have developed open-loop controllers, which do not involve feedback control or sensors. One improvement in traditional open-loop control is the feedforward open loop control, where the desired quantities are found in advance and then fed to the soft actuator without observing the system state. The control law can be either obtained by trial and error approach or based on a system model. This approach suffers from three main drawbacks. Firstly, it is not evident if and when the system acquires the reference state. Secondly, the resultant dynamics is not necessarily optimal. Thirdly, when the feedforward parameters are calculated based on the system model, the resultant control law is only as good as its derived model. Hence, open-loop control cannot be used to accurately control a soft robot, even in a well-structured situation.
The drawbacks of open-loop controllers can be addressed by feeding the current output state (measured by sensors) backwards to the controller. Closed-loop controllers use proprioceptive sensors to include the current output state in formulating the control signal. In contrast to open-loop controllers, the closed-loop control offers a robust and more accurate actuation of realized systems. Using internal or external sensors, the feedback loop permits the system dynamics to be corrected in real-time by following the desired response. Closed-loop control offers autonomy and can handle discrepancies resulting from manufacturing variations, nonlinear stiff behavior, and change in the material properties over time. Thanks to sensory feedback provided by integrating multimodal sensors in the feedback loop, complex and sophisticated tasks can be adequately performed in a highly constrained environment. Closed-loop and real-time curvature controllers drive the deformation of soft segments of the robot despite the compliant behavior. Typically, closed-loop curvature control of a soft robot is based on a PCC assumption involving a curvature controller in cascade (Rus & Tolley, 2015).
Control of soft robots can be categorized into model-based and model-free methods.
Model-Based Control 
Most of the control approaches developed in soft robotics are based on the system models. These models are used to design low-level control laws and develop planning strategies for soft robots. A key perspective of these control laws is to exploit compliant structures of soft robotic systems. Compliance in soft robots permits adaptability in terms of the robot’s shape and is fundamental to design or new control and planning approaches for soft robotic systems subjected to uncertainties.
Controllers are typically based on static models (interchangeably called kinematic models) or full-scale second-order dynamic models. Both of these controllers carry their pros and cons. The most popular and commonly used soft robot control approach relies on static models. Model-based algorithms usually use PCC assumptions (Camarillo et al., 2009). Static control laws based on the robot’s kinematics are simple and easier to develop. However, static controllers scarify efficiency, accuracy, and natural dynamics. Steady-state assumptions limit speed, efficiency, and reachability of these controllers. A detailed comparative review on multiple static models is reported in Sadati et al. (2017). Hence, it is better to have the controllers based on system dynamics.
Dynamic models map the control inputs (such as pressure, voltage, or encoder values) to the task space variables. The control laws based on full-scale dynamics are generally expensive in terms of computational cost but offer optimal control. In contrast to a static controller, the design and development of a full-scale dynamic controller involves a planning stage. This may be accomplished using optimization strategies, regardless of the choice of the modeling technique. Dynamic controllers can be used particularly in industrial applications requiring cost and time, as well accuracy. Dynamic controllers based on models for soft/continuum robotic manipulators are still in the embryonic stage. The computational expense of dynamic models limits their application sphere.
One way of addressing the computational complexity of system dynamics is using model order reduction techniques. A study reported in Thuruthel et al. (2020) reduced full-scale second-order dynamics of the robot to first order and then used the reduced order model to design a dynamic controller. The basis for this reduction entails low inertial properties and the high damping of soft robots.
The reduction in model order offers two benefits. Firstly, the first-order dynamic models offer computational inexpensiveness compared to systems with second-order dynamics. Secondly, the reduced order state feedback calls for the design of novel feedback loop control approaches. Results demonstrated that the model order reduction simplified the sensory feedback process and planning while resulting in minimal loss of accuracy.
Some of the earliest research on continuum robot control based on its dynamics was reported in Gravagne and Walker (2002). Considering a planar robot, a feedforward controller and a linear closed-loop proportional derivative (PD) controller was designed. Trajectory tracking results were demonstrated in a simulation. The first task space dynamic controller in the feedback loop fashion for continuum robots was presented in Kapadia and Walker (2011). Simulation was conducted on a 2D multi-section robot. A CC model was used to formulate the robot kinematics while dynamics was based on a Euler–Lagrangian approach. A major difference between this model and rigid robot dynamics is the addition of potential energy due to deformation and extension. Another example using a PCC model for the simulation of a multi-link soft robot is reported in Marchese and Rus (2016). The model was used for searching control input sequences to achieve a desired motion.
Considering the same kinematic and dynamic models, a nonlinear controller based on sliding mode control law was simulated in Kapadia et al. (2010) for feedback loop configuration space control. A first-order sliding surface is considered as a filtered tracking error. The designed controller is robust to model uncertainties; however, it suffers from slow error convergence and high gain requirements. The proposed method was experimentally evaluated in Kapadia et al. (2014) using a three-section planar continuum manipulator while being compared with a linear controller. Results demonstrated that the nonlinear (sliding mode controller) overperforms compared to the linear controller in terms of speed and accuracy.
In Luo et al. (2019), a model predictive neural controller was developed for an active soft robotic manipulator. The objective was to control the grasping force under the influence of slip. The control of the soft manipulator was driven by pneumatic muscles. The rationale for this selection is based on energy consumption, soft mechanical weight, and price. The manipulator required higher output force levels to grasp objects and a faster response speed. In addition, to avoid damage to the objects being grasped, an adequate human-robot interaction is required. Under normal operating conditions, the pressure of gas inside the robotic manipulator affects the degree of bending and gripping force of the soft robot. All of these requirements call for the control of pressure inside the manipulator. A block diagram of the proposed pressure control system is shown in figure 17.
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	Figure 17: Block diagram internal pressure control of a soft robotic manipulator
Source: Luo et al. (2019). CC BY 4.0.


Grasping objects in constrained environments is a great challenge for soft manipulators. The developed model predictive neural controller, designed in MATLAB, controlled the grasping force. Data consisted of 80% training data and 20% testing data. A four-fingered pneumatic hand prototype was manufactured to achieve the control law and characterize the control performance.
Objects of varying weights and shapes were used to investigate the efficacy of the soft gripper, as illustrated in figure 18. These objects are a 20 g bottle, a 100 g cube, and a 400 g glue gun. The maximum relative pressure while interacting with these objects is, respectively, 10 kPa, 30 kPa, and 90 kPa.
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	Figure 18: Objects used in the investigational study  
Source: Luo et al. (2019). CC BY 4.0.



The study of Luo et al. (2019) also presented comparative results of the proposed model predictive neural controller with the traditional proportional integral derivative (PID) controller. Step response at 2 Hz and 1 Hz are presented in figure 19. These experimental results demonstrate that the proposed controller overperforms compared to a PID controller by tracking the reference trajectory more closely.
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	(a)
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	(b)

	Figure 19: Force tracking results for the soft manipulator with a control frequency of (a) 2 Hz (b) 1 Hz
Source: Luo et al. (2019). CC BY 4.0.



The study also investigated the slippage control by measuring maximum lifting weights while considering various objects (a peach, banana, and melon). The lifting weights were measured for the two cases for comparison purposes: grippers without nanofiber and the proposed nanofiber gripper. The corresponding experimental setup is shown in figure 20. The slippage and wet environment were created by putting the objects inside a water utensil. The actuator was manually controlled for object grasping.
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	Figure 20: Experimental setup for slippery and wet object grasping
Source: Luo et al. (2019). CC BY 4.0.



Figure 21 illustrates the experimental results showing a maximum lifting weight in wet and slippery conditions with and without nanofiber. For all the objects, the lifting forces of the proposed nanofiber grippers were found to be higher than the forces without nanofiber, thus demonstrating the enhanced gripping performance.
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	Figure 21: Experimental results showing maximum lifting weight by the manipulators in slippery and wet environment
Source: Luo et al. (2019). CC BY 4.0.



Furthermore, optimal controllers have been developed for soft robots. As an example, research in Kapadia et al. (2014) considered the dynamics of a pneumatic actuator to study the trajectory optimization problem for estimating the optimal trajectory to reduce the actuator jerk and the transition time. The optimal dynamic controllers are useful for pneumatic actuators because these actuators bear slower and more nonlinear dynamics compared to tendon-driven actuators.
Moreover, cascade controllers consisting of multi-layers have been presented for soft robotic structures. Research in Zhou et al. (2019) reported a cascade control structure where pressure is controlled by an inner faster layer, while the outer layer controls the angle in an open-loop feedback. In addition to using a dynamic model for developing controllers, controllers can also be based on FEM. As an example, a real-time simulation of a soft actuator is presented in Duriez (2013), which determined suitable control inputs for the actuators to achieve the desired conformation.
Model-Free Control
The compliant nature of soft robots introduces several nonlinearities which pose several difficulties in developing their models. This has motivated the control and robotics community to explore model-free control approaches. Despite the fact that these approaches have been well-studied and applied effectively on conventional rigid-bodied robots, the same is not true for continuum or soft robots. Thus, applying these data-driven approaches to soft robots is a relatively new avenue and has a great potential for further research, since these approaches are an intuitive and natural choice for systems like soft robots.
Recent techniques in model-free control of soft robotic systems include embodied intelligence and morphological computation. These techniques do not rely on analytical or numerical models to represent the complex interaction of soft robots with their operational environments. The robot control is complemented by physical interaction based on learning by experience. This is analogous to the way the human brain learns from interacting with objects and is somewhat similar to the control of behavior-based systems (BBS; Ashuri et al., 2020). The correlation between sensory data, and actuation and morphology of the actuator’s interaction with objects is used for the controller’s learning. BBS control allows fast reaction times for complicated tasks. In addition, a recent trend is to apply neural networks-based approaches to train soft robots. Neural networks compensate the dynamic uncertainties to improve controller performance.
The key benefit of model-free control methods is that they do not need a definition of the parameters of joint space and/or configuration space. Moreover, this approach is independent of the shape of the manipulator. This distinguishing feature allows the development of arbitrarily complex kinematics, subject to data abundance and depending on the sensor noise. That is why model-free control methods can better handle nonuniform and nonlinear systems. They are also an obvious choice when modeling is nearly impossible or when the system is influenced by gravity.
Convergence proof and stability analysis of model-free controllers are difficult or cumbersome to establish because these controllers are like a black box. So, despite the fact that control laws are relatively simple, their real-world applications are limited, either due to stability concerns or training data. Nevertheless, model-free control is one possible option to control soft robots and is worthy of further investigation. The limitations in their widespread use may be addressed by the new and emerging robust algorithms to train dynamic networks.
The earliest application of model-free control to develop a kinematic control law has been reported in Giorelli et al. (2013). The nonredundant soft robot used neural networks to learn inverse statics. The proposed approach managed to correctly simulate and predict the cable tension required to reach a target in the task space. However, the approach did not consider the stochastic behavior of soft robots. Furthermore, it lacked scaling in case of redundant systems. Going beyond simulation, the same approach was experimentally evaluated in Giorelli et al. (2015) for a 2 DOF and 3 DOF cable-driven soft robotic manipulator. Results are compared with a numerically exact inverse kinematic model.
Another example of a mode-less control approach is reported in Yip and Camarillo (2014) where an accurate, robust, and generic approach for the feedback loop task space control of a continuum robot was presented. For minimizing the control input and keeping the tendons taut, an optimization procedure was conducted. The proposed approach addressed several challenges in continuum robot control, including manipulation in a complex environment. The downside is a low control frequency.
Self-Check Questions
1. Which of the following controllers has the potential to demonstrate the best performance. Please mark the correct statement(s).
· on-off control
· traditional open-loop control
· feedforward open-loop control
· closed-loop control
Summary
Modeling is instrumental in the design and development of soft robots. Both analytical and numerical models can be used in soft robotics. Kinematic and dynamic modeling of soft robots eases design optimization to ultimately reduce cost, time, and effort. Applying modeling and computational approaches in soft robotics provides a deeper understanding of nonlinearities and complicated geometries.
There are associated challenges related to the modeling, simulation, and design optimization of soft robots. It is generally not possible to derive the exact model of a soft robotic system, which leads to rigid-bodied assumptions to manage the complexity of dynamic models. For a sophisticated system, like a soft robot, there is a clear trade-off between model accuracy and computational cost to offer a design approach toward perceptive robots.
Given the nonlinearities due to the compliant structure of the robots and issues related to the derivation of analytical models, the numerical modeling of soft robots is widespread. Various computational software platforms are helpful in modeling and simulating soft structures. Techniques, such as fluid dynamics, fluid-structure interactions, and solid mechanics facilitate the simulation of soft robots.
Closed-loop controllers overperform compared to their open-loop counterparts and attempt to fulfill stringent requirements on control performance while ensuring safety and reliability. However, closed-loop control laws may not satisfy all conditions. To address this issue, an emerging algorithm named Iterative Learning Control (ILC) has been proposed.
Despite several reported works, compared to conventional rigid-bodied robots, the control of soft robots is still in its infancy. Most of the control laws for conventional robots are yet to be tailored and synthesized for soft robots. Moreover, more rigorous work is required to equip soft robots with the autonomy to extend the application horizon of these robots in cognition and other high-level tasks. Online learning  needs to be explored for configuring soft robot models or to accomplish tasks in uneven and unstructured environments, particularly those involving uncertainties. Finally, it may be a feasible option to design and develop hybrid algorithms by merging model-based and model-free control methods.


Unit 5 – Concluding Remarks

Study Goals

On completion of this unit, you will be able to …

… identify diverse areas of application for soft robots.
… identify challenges and limitations in soft robotics research and deployment.
… discover various resources for soft robotics research and development.



5. Concluding Remarks
Like traditional rigid-bodied robots, various components of a soft robots include actuators, sensors and controllers. These components have been discussed in detail in the preceding units along with modelling techniques. Also, application potential of soft robots has been detailed. In this unit, we will see another perspective of applied context of soft robotics domain and more importantly, challenges and opportunities in soft robotics research will be discussed. Finally, a list of useful research resources and projects on soft robotics will be presented.

4.1 Applications
The domain of soft robotics involves design and realization of soft mechanisms and systems at different scales. Owing to their compliance, versatility, mechanical properties and range of advantages, soft robots find enormous potential in providing solutions to diverse applications. Soft robots are particularly used in the cases where rigid robots are either inadequate to deploy or they are unable to demonstrate satisfactory performance. Due to these distinguishing features, soft robots are an ideal choice in accomplishing tasks requiring safer interaction with fragile objects or operations involving navigation in unstructured settings. This includes but not limited to; handling of noninvasive medical treatments, manipulation of delicate objects in industry, exploration of undersea habitats and assistance in search and rescue operations (Brown et al., 2010; Gorissen et al, 2018; Katzschmann et al., 2018). Figure 1 conceptualizes the prominent application domains of soft robots. This conceptual summary can be combined with Figure 2 and Figure 3 to have a more exhaustive idea about the emerging and increasing applications of soft robotics in various spheres of modern world. Applications range from medical to industrial sectors and even to and surveillance and agricultural robots. 
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	Figure 1: Conceptual applications of soft robots
Source: Boyraz et al. (2018). CC BY 4.0.


[image: Shape

Description automatically generated with medium confidence]
Figure 2: Prominent applications of soft robotics

Source: Jamshed Iqbal (2023).  
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	Figure 3: Diverse applications of soft robots are shown in schematics 
Source: Tawk & Alici (2021). CC BY 4.0.


Readers are encouraged to see the applications of soft robots in various domains. The present section examines various soft robots used in human-machine interaction, manipulation and locomotion. Moreover, owing to its relevance and importance, healthcare sector is revisited here.
Human-machine interface and interaction
Most tasks involve human interventions due to complexity and stringent requirements of operations. The flexible and compliant bodies of soft robots, especially the ones with bioinspired designs, have close similarities with the biological system thus making the human-robot interaction natural and compatible in applications like healthcare, medical, packaging etc. Such an interaction is very important particularly in case of medical robots where communication of real-time and accurate data is the key factor behind robust and safe response. 
Adaptability in soft robots allows them to navigate through irregular and curved paths and in that aspect these robots overcome the shortcomings of traditional rigid-bodied robots. e.g. metallic gripper will possibly damage most vegetables and fruits in agriculture sector. Manual pickup of hundreds and thousands of pieces is not an optimal solution thus highlighting the role of self-adaptable soft grippers.
Another stimulating factor for soft robots is their safe nature. Safety in the human-machine interaction is primarily due to minimal damage due to inherent compliance (Majidi, 2014). Also, biomimicry of these robots permits minimal loading on the human and environment during the interaction. Soft robots got the potential to play an instrumental role in human-robot interaction in factory setups (like wearable assistance, robotic co-workers), public places (like museums guides) as well as private places (like household robots). 
Moreover, some soft robots can change their colors as per the surroundings for camouflaging purpose (Won et al., 2021). Also, these robots can operate in harsh and extreme environments like high pressure or large temperature ranges without causing modifications to structure of the robot (Li et al., 2017; Li et al., 2021). The intrinsic compliance of these robots permits their navigation in unpredictable and dynamic environments with a limited control input.  For example, navigation through debris in a search and rescue mission (der Maur et al., 2021). Other potential applications of soft robots utilizing human-machine interface include entertainment, edutainment and architecture. Soft robots offer effective, versatile, low-cost and safe technologies in enhancing virtual reality systems to deliver realistic physical and tactile cues including stroking, pushing and interacting with objects. Finally, in an architecture, soft structures (like soft furnishing, comfortable chairs) will permit having adaptable living spaces that can reach to changes in the environment senses by smart materials.

Manipulation
Manipulation is one of the established challenges in the domain of robotics. Traditional rigid-bodied robots offer limited types of manipulations owing to their complexity, low degree of freedom and difficulty in computing grasping action. In contrast, soft robotic manipulators have the natural advantage of grasping and manipulating delicate and fragile objects, thanks to their inherent compliance and a simple control algorithm (Rus & Tolley , 2015). The compliance permits soft grippers to adapt to a variety of unknown objects during manipulation.
Most soft robots can manipulate delicate objects by leveraging their intrinsic compliance and natural softness without imposing stringent sensory requirements (e.g. measuring contact or deformation). Soft robots employ three distinct ways to manipulate objects: through control of actuation, adhesion or stiffness (Shintake et al., 2018). Most of soft manipulation studies apply actuation control to manipulate objects. In case of controlled adhesion, soft robots use special structural elements like gecko-inspired pillars for objects interaction or alternately the robots generate strong physical forces like electro-adhesion forces (Shintake et al., 2016; Song & Sitti, 2014). Finally, soft robots using stiffness variations to manipulate objects can be fabricated using different actuation mechanisms, the most common is jamming mechanism which can manipulate high-load objects when subjected to a minimal force (Brown et al., 2010).
Locomotion
The locomotion capability of soft robots goes beyond the traditional rigid-bodied robots. This ability permits them to navigate and explore unknown paths and surfaces. Soft robots can move robustly and efficiently in terrains (e.g. underwater) which pose a great deal of challenge for rigid robots to navigate. Several control, actuation and sensing techniques in soft robotics have been inspired by caterpillar and other underwater creatures. They can roll, jump and crawl. Other creatures which inspired soft robotics design include inchworm, snake and underwater species like fish, octopus, cephalopods etc. A typical soft robotic fish has a soft tail to dive, turn and swim in an analogous way as a fish while the rigid head can house the required electronics (Katzschmann et al., 2016). Similarly, octopus inspired soft robot utilizes eight legs to realize the mobility system and can traverse through unstructured environments and small apertures (Kim et al., 2020). Also, it can grasp objects using its leg.
Medical and healthcare applications 
Traditional rigid-bodied medical systems or devices pose a great risk of discomfort and even damage to human tissues. Also, perfect replication of natural joint motion is very difficult with the rigid devices. One possible solution is to add or replace rigid structure with a compliant mechanism. Biointegrity and biocompatibility are the key benefits offered by soft robots in contrast to traditional rigid robots. The use of soft and elastic material in soft robots makes their mechanical properties analogous to that of living organisms (Majidi, 2014). Flexible and compliant materials are quite adequate in absorbing mechanical stress thereby minimizing the probability of occurrence of injuries to the user or the robot itself.
The compatibility and compliance matching of soft robots with the natural tissues makes them an ideal choice for medical and healthcare applications. They are used in prosthetics, rehabilitation, artificial muscles, minimally invasive surgery (MIS), targeted drug delivery etc.
Soft muscle
Nowadays, soft robots can act as muscles to the robot. A typical soft muscle can lift 1,000 times its own weight in folded-up configuration and can be scaled from few millimeters to a meter in length. Artificial muscles are being used in soft hand orthotics for assisting mechanical aid in wrist and fingers. Also, cardiac simulators mimicking motion of the heart, are explored. In dentistry, soft bracing mechanisms are replacing the conventional heavy arrangement, thanks to advancements in biotechnology, soft robots got introduced for teeth care. The low-cost and compact structure of soft robots provide progressive growth prospective in near future.
Rehabilitation
Soft robots are being used for modern rehabilitation as well as prosthetics. In rehabilitation, soft robots are a great assistance companion for the patients undergoing recovery. Biometric devices can be attached to the patients with weaknesses or those suffering from neurological or physical disorders (Yap et al., 2015). These wearable robots help to restore human motor functions in stroke patients or patients with traumatic brain injuries. Recent assistive technologies cooperate with the healthy tissues of human body and work as a second skin to compensate impaired motor function. This gives opportunities to patients for relearning or discovering motor functions for grasping, manipulating or moving. The inherent compliance of these robots permits them to kinematically follow human-like movement trajectories. The soft structure of the robots works in close conformation to patients’ bodies by preventing damage to the musculoskeletal system.
Prosthetics
Moreover, soft robots find potential in creating prosthetics for people who have lost their limbs or extremities. Soft grippers are being used as end-effectors of prosthetic arms to improve grasping accuracy and for delicateness to give a human-like grasping feelings. Currently, customized arms or legs are designed in a Computer Aided Design (CAD) software and then fabricated using 3D printers. It is a great challenge for soft robotics community to develop limbs that can fully mimic human’s limbs. Another open avenue for research and development is biologically inspired bionic handling assistant. It is a robotic arm actuated with fluid pressure and is made up of soft plastics.
Minimally invasive surgery (MIS)
Another potential application of soft robots in medical sector is in Minimally invasive surgery (MIS), where these robots overcome the limitations (e.g. low DOFs) of conventional MIS methods (Lee et al., 2014). Soft robots can improve maneuverability, flexibility and dexterity of surgical tools and thus have the potential to reduce number and size of incisions required in a surgical operation. Stiffness controlled end-effectors increase in-vivo accessibility and minimize damage to soft tissues. Several studies providing proof of concept on soft surgical robots using different actuation methods have been reported. e.g. shape-memory, magnetic and fluidic driven robots (Kobayashi  et al., 2016; Lussi  et al., 2021; Ranzani  et al., 2016).
Drug delivery
The procedures in drug delivery involves navigation through hollow or vasculature organs making wired surgical tools inadequate. For precised drug delivery, nano-capsules loaded with the required amount and type of drug are now being used. These drug delivery devices are useful for anesthetic agents, anti-neoplastic, anti-thrombotic and anti-inflammatory purposes. Soft robots have potential in delivering therapies to inner and remote parts of pancreases, liver or brain. The use of soft robots avoids accumulating therapies in non-desired regions of patents’ bodies and decreases the off-target distribution (Mair et al., 2021). The possibility to have a tiny-sized soft robot makes them a suitable option for delivering biological agents in both untethered and tethered modes. Externally stimuli such as ultrasound, magnetic fields or temperature etc. are used to manipulate these robots.
Edible robots
An interesting category of soft robots in healthcare sector is edible robots, which has been conceived by high school students in Philadelphia. These robots, due to their biodegradability feature, are capable of safely and efficiently delivering medicines to various body parts. Also, Swiss researchers innovated gelatin-based robots that can be digested by animals and humans. While most of these developments are still at research level, they essentially demonstrate enormous potential of soft robotics.
Self-Check Questions
1. Name at least three applications for soft robots in the medical/healthcare sector.
· minimally invasive surgery (MIS)
· rehabilitation
· prosthetics
· artificial soft muscles
· targeted drug delivery
4.2 Challenges and Opportunities
The emerging domain of soft robotics offer diverse opportunities that can improve efficiency, productivity, quality of life and so on. The existing achievements of soft robots in unstructured and delicate environments highlight their potential in revolutionizing our daily lives. Recent breakthrough progress providing experimental evidences of soft robots’ potential have demonstrated locomotion, manipulation and human-interaction capabilities in unique ways. The ability of soft manipulators to grasp objects regardless of their shapes (adaptability) and capability of soft mobile robots to locomote on unknown terrains (uncertainty mitigation) essentially rely on their compliance. Despite the reported developments and identified potential, soft robots are still very far from maturity unlike traditional rigid-bodied robots. While soft robots have almost endless amount of capabilities, they do offer several challenges.
Physicians, material scientists, physicists and engineers are continuously working towards addressing these limitations to change the world with this ambitious innovation. The key design goal is to miniaturize and make soft robots lighter and smaller while ensuring compliance matching. It is reported in (Hawkes et al., 2021) that futurist developments in soft robotics could be facilitated by thorough understanding design and working of existing state-of-the-art soft robots and resolve the primary issues limiting their enormous potential particularly translation from lab. to market.
We have categorized the challenges associated with soft robots related to (i) performance and (ii) environment.
Performance-Related 
Soft robots still need to unleash their full potential to overperform than traditional rigid-bodied robots. Also, the existing soft robots exhibit limitations in mimicking complex behaviors found in living organisms e.g. post-injury tissues self-healing and cells adaptability to various environments etc.
Generally, soft robots are designed to handle lightweight and delicate objects and so most of these robots are unable to manipulate heavy loads. This problem can be resolved by designing soft robots that have the stiffness tuning ability as per target object weight (Zhang et al., 2019). This approach will enhance performance of soft robots thereby widening their application horizon.
As a high preference, a soft robot should be completely made up of soft and flexible materials. This implies that the structure, power sources, electronics, sensors and actuators of these robots are desirably compliant, deformable and soft and preferably a single monolithic soft body unifies all of these components (Alici, 2018). However, coming up with 100% soft robotic systems is extremely challenging and requires joint collaborations between multi-disciplinary researchers, scientists, and engineers (Lida & Laschi, 2011). 
Most of the soft robots are powered with integrated batteries though a few works have used other energy sources as well such as fuel cells and monopropellant fuels. Comparing these integrated batteries with natural muscles, the energy density of the batteries is 10-100 times lower than the fats and sugars that power the muscles (Katzschmann et al., 2018; Majidi, 2014). Stretchable batteries having progressively improving energy density and compliant power supplies are suitable for soft robots (Song et al., 2019). In future, soft robots may also be powered with microscopic power sources.
Bio-compliant materials are one of the most considerate components of a soft robot. Currently, compliant materials such as elastomers and silicone are commonly used in structural development of a soft robot. The development of smart, fully-functional, innovative and 3D-printable materials are critical in realizing next generation of soft robots. This progress requires a single/hybrid material that can withstand strains, provide strengths and permit sensing of several properties. Moreover, electromechanical properties of the materials should offer a safe and reliable contact with the physical environment.
Another innovation which would push soft robotics to be key industrial leaders is design and realization of microscopic actuators. A human body contains muscle fibers that intricately actuate with multiple DOFs implying the need for a soft robot to have higher DOFs to adequately model a biological system. Existing prototypes of soft robots contain a dedicated actuator for each motion direction. Designing and developing a robot having infinite DOFs would result in an inapplicable structure due to large size and bulkiness. The solution lies in developing smart actuators that overlap in performance abilities (Pfeifer et al., 2012). Multiple types of actuators can be combined in a suitable geometrical and topological fashion. Moreover, additive manufacturing techniques can be use to realize a hybrid actuator by leveraging controllability, energy efficiency or enhancing the operational range.
Environment-Related 
In contrast to conventional robots made up of rigid bodies, the entire structure of soft robots as well as all the components including electronics and energy source should be eco-friendly. This implies that the structure and components should be made from sustainable materials thereby eliminating the negative environmental impact (Hartmann et al., 2021). It is reported in Yasa et al. (2023) that power sources and building materials of soft robots are the two primary challenges which negatively impact on the ecosystem.
Electronics and hardware components should be recycled or alternately, future soft robots may be designed and developed without electronics (Drotman et al., 2021). Moreover, renewable and green energy can be used to power the robots, which include solar, wind, fuel cells (Iqbal & Khan, 2017).
Novel environmentally friendly strategies needs to be developed for reducing carbon footprint of the soft robotic systems for safely disposing them. This is a mandatory step towards achieving the goal of sustainable soft robots in future. Consequently, futuristic soft robots will be made from recyclable plastic, natural biodegradable elastic materials or other materials which do not get toxic when degraded.
Additionally, design of soft robotic systems for environmental reasons should involve silent actuation modules like biohybrid and electrostatic ones. This will reduce the constant machines noise, which has become a problem for living organisms on land as well as in underwater. The consequences of constant noise on humans can be developing stress, depression or tinnitus (‘ringing in the ears’) as highlighted in Rauschecker et al. (2010). This necessitates the importance of having eco-friendly soft robots in future by giving proper attention to materials and considering adverse impact due to operation of the robots next to living organisms.
Self-Check Questions
1. Name three challenges related to soft robots.
· miniaturizing and making soft robots lighter and smaller
· ensuring compliance matching
· achieving eco-friendliness
4.3 Useful Research and Projects on Soft Robotics
Finally, this section lists useful research resources and some ambitious projects on soft robotics. To make these guidelines intuitive and straight-forward for you, tabular and list-based approach has been followed here instead of giving description in long paragraphs. Table 1 presents list of survey/review papers recently reported on soft robotics or its various components. Table 2 lists ten European projects on soft robots, these include both the projects completed as well as in-progress.


	Table 1. List of prominent review papers on soft robotics
Source: Jamshed Iqbal, 2023.

	Topic
	Paper title
	Pub. year
	Reference

	Soft robotics - Generic
	“An overview of soft robotics”
	2023
	Yasa et al., 2023

	
	“Soft robot review”
	2017
	Lee et al., 2017

	
	“Soft robotics - The next industrial revolution?”
	2016
	Rossiter & Hauser, 2016

	

	Soft materials
	“Bioinspired soft metamaterials for soft robotic applications”
	2023
	Jones et al., 2023

	
	“Materials for smart soft actuator systems”
	2022
	Apsite et al., 2022

	
	“Soft-material robotics”
	2017
	Wang et al., 2017

	

	Soft actuators
	Soft actuators and robots enabled by additive manufacturing
	2023
	Wang et al., 2023

	
	“Decade of bio-inspired soft robots: A review”
	2022
	Ahmed et al., 2022

	
	“Soft actuators for soft robotic applications: A review”
	2020
	El-Atab et al., 2020

	
	“Flexible actuators for soft robotics”
	2020
	Yang et al., 2020

	
	“Recent progress in artificial muscles for interactive soft robotics“
	2020
	Wang et al., 2020

	
	“Soft robotics: A review of recent developments of pneumatic soft actuators”
	2020
	Walker et al., 2020

	
	“An overview of novel actuators for soft robotics”
	2018
	Boyraz et al., 2018

	

	Soft sensors
	“Flexible and stretchable Carbon-based sensors and actuators for soft robots”
	2023
	Zhou & Cao, 2023

	
	“A review on flexible sensors for soft robotics”
	2022
	Kar et al., 2022

	
	“Toward perceptive soft robots: Progress and challenges”
	2018
	Wang et al., 2018

	
	“Soft robotic hands and tactile sensors for underwater robotics”
	2021
	Subad et al., 2021

	

	Soft robots modeling
	“Soft robots modeling: A structured overview”
	2023
	Armanini et al., 2023

	

	Soft robot control
	“Comparison of modern control methods for soft robots”
	2022
	Grube et al., 2022

	
	“Model based control of soft robots: A survey of the state of the art and open challenges”
	2021
	Santina et al., 2021

	
	“Control strategies for soft robotic manipulators: A survey”
	2018
	Thuruthel et al., 2018

	

	Applications
	“Soft robotics for physical simulators, artificial organs and implantable assistive devices”
	2023
	Zrinscak et al., 2023

	
	“Advances in chemical engineering: Soft robotics”
	2021
	Magagnin & Rossi, 2021

	
	“Biomedical soft robots: Current status and perspective”
	2020
	Ashuri et al., 2020

	
	“Biomedical applications of soft robotics”
	2018
	Cianchetti et al., 2018





	Table 2. List of some prominent European projects on soft robotics
Source: Jamshed Iqbal (2023).

	Project
	Title
	From
	To
	Coordinator
	Aim/Objective
	Reference

	SMART
	Soft, Self-responsive, Smart MAterials for RoboTs
	March 2020
	Feb. 2023
	Vrije Universiteit Brussel
	“will exploit smart, stimuli-responsive materials in intelligent soft devices, developing systems that can adapt to and safely interact with dynamic environments.”
	SMART, 2023

	SoftManBot
	Advanced RoBOTic Technology for Handling SOFT Materials in MANufacturing Sectors
	Oct 2019
	March 2023
	Clermont Auvergne Inp, France
	“provide an innovative and holistic robotic system for the handling of flexible and deformable materials within labour-intensive production processes”
	SoftManBot, 2023

	SHINTO
	Self HealINg soft materials for susTainable. prOducts
	Oct 2022
	Sep 2025
	Vrije Universiteit Brussel
	“disrupt the soft robotics market by creating a new market for self-healing structural components,
introducing autonomous damage detection and healing in intelligent soft robots”
	SHINTO, 2023

	SHERO
	Self-HEaling soft RObotics
	June 2019
	Nov. 2022
	Vrije Universiteit Brussel
	“making technological breakthroughs in self-healing soft robots, innovating the entire value chain”
	SHERO, 2022

	FlowBot
	Smart fluidic circuits for autonomous soft robots
	Jan 2021
	Dec 2025
	Stichting Nederlandse Wetenschappelijk Onderzoek Instituten, Netherland
	“work to overcome the issues by developing soft fluidic circuits that can effectively power and control soft robots and their behaviour”
	FlowBot, 2023

	SoftGrip
	Innovative soft gripper for delicate harvesting
	Jan 2021
	Dec 2023
	Scuola Superiore di Studi Universitari e di Perfezionamento S Anna, Italy
	“aims for low-cost, intelligent soft robotic grippers with embedded actuation, tactile sensing, recyclable materials and advanced fabrication techniques.”
	SoftGrip, 2023

	Proboscis
	Proboscidean sensitive soft robot for versatile gripping
	Nov 2019
	April 2024
	Fondazione Istituto Italiano Di Tecnologia, Italy
	“develop a new paradigm for extremely versatile tactile-driven robotic manipulation, embodying the extraordinary functionality of an elephant’s trunk“
	Proboscis, 2023

	[bookmark: _Hlk125932125]SoMa
	Soft-bodied intelligence for Manipulation
	May 2015
	April 2019
	Technische Universitat Berlin, Germany
	“opens a path of disruptive innovation for the development of simple, compliant, yet strong, robust, and easy-to-program manipulation systems”
	SoMa, 2023

	OCTOPUS
	Novel Design Principles and Technologies for a New Generation of High Dexterity Soft-bodied Robots Inspired by the Morphology and Behaviour of the Octopus
	Feb 2009
	July 2013
	Scuola Superiore di Studi Universitari e di Perfezionamento S Anna, Italy
	“investigating and understanding the principles that give rise to the octopus sensory-motor capabilities and at incorporating them in new design approaches and ICT and robotics technologies to build an embodied artefact, based broadly on the anatomy of the 8-arm body of an octopus”
	OCTOPUS, 2023

	SOMBOT
	Soft Micro Robotics
	Oct 2017
	Sep 2023
	Eidgenoessische Technische Hochschule Zuerich, Switzerland
	“will develop a number of fundamental technologies required for the fabrication of intelligent soft microrobots suitable for in vivo applications.”
	SOMBOT, 2023



Self-Check Questions
1. Name any three animal-inspired projects on soft robotics.
· OCTOPUS 
· Proboscis
· SoMa
Summary
Soft robots, so far, have demonstrated that they got enormous potential and what appears fiction now is realizable with the advent of new technologies and techniques. These robots have extended our horizon of thinking about robotics in a way that there can be components others than electric motors, rigid plastics and metals. The domain of robotics has changed incredibly during the last two decades and is becoming more safer and softer.
Recent studies have shown that soft robots have not yet fully exploited their potential in applications of primary and critical importance. The associated limitations are due to the gap between applications’ requirements and technology and long-term investment. Also, understanding and mitigating limitations in the existing soft robots will help in finding alternatives to achieve mass production by transferring technology from labs. to the market.
Soft robots have a bright and optimistic future. So far, they have just demonstrated that they got enormous potential and what appears fiction now is realizable with the advent of new technologies and techniques. It is anticipated that in near future, we will see reconfigurable and autonomous soft robotic systems having the ability of morphing between soft and hard behaviors.  These expectations rely on discovery of novel and biocompatible materials, design of advanced control algorithms, development of highly-capable modeling and simulation techniques. Also, the technological innovations in actuators and sensors are the key role players in widespread adaption of soft robots in the future that can not only demonstrate exceptional performance but are also ecofriendly. Finally, alternate energy sources and stretchable electronics would help in bridging the gap between technology and the applications’ requirements.
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Table 2. Sensing technologies for soft robotics.

Transducer mechanisms Materials (electrodes) Sensing functionality Applications Year Ref.
Resistive sensors Liquid metal Bending curvature, force Soft bending actuator 2016 [26]
Strain or bending angle Soft bending actuator 2016 [30]
Strain and curvature Soft robotics 2017 [105]
Strain and curvature Anthropomorphic hand 2011 [80]
Multidirectional bending, twist Soft robotic hand 2017 [22b]
lonic liquid Bending angle and direction Soft omnidirectional actuator 2015 [33]
Contact force, bending angle Robotic joint 2010 [106]
Strain Human movement monitoring 2017 [78a]
Curvature or elongation Soft bending and extending actuators 2017 [43]
Conductive yarn Length McKibben muscle 2015 [64]
Length McKibben muscle 2016 [37]
Bending angle and direction Soft omnidirectional actuator 2015 [34]
Helical wire Curvature Soft bending actuator 2016 [61]
lonogel (printed) Curvature, inflation, contact force Soft bending actuator 2018 [56]
Piezoresistive sensors Nanocomposite Curvature Soft bending actuator 2008 [14b]
Circumference McKibben muscle 2009 [36]
Curvature Soft bending actuator 2017 [31a]
Local strain Soft bending actuator 2017 [31b]
Bending, twisting, elongation Soft structure 2014 [22a,68]
Strain amplitude, location, direction Universal jamming gripper 2017 [58]
Pressure and curvature sensor Soft robotic finger 2018 [60]
Fabric Contact force Soft bending actuator 2016 [84]
Pressure Soft haptic device 2016 [84]
Textile Strain Soft continuum robot 2012 [14c]
Capacitive sensors Nanocomposite Deformation, triaxis force Pneumatic actuator 2016 [107]
Curvature, proximity, pressure Soft bionic hand 2017 [59,67]
Textile Curvature Sensory sleeve for soft robot 2017 [91]
Curvature, contact force Soft bending actuator 2017 [29]
Multiaxis force Bending actuator 2016 [92]
Bending and contact force Soft structure 2015 [54]
Bending angle Anthropomorphic hand 2017 [86]
Pressure sensor Anthropomorphic hand 2017 [90]
Wrinkling film Bending angle Anthropomorphic arm 2017 [88a]
lonic hydrogel Deformation/pressure Soft crawling robot 2016 [57]
Magnetic Hall sensors and permanent magnets Curvature Soft-bodied robot 2015 [42]
Tactile Robotic fingertip 2017 [45b]
Inductive Smart braid Contraction length and force McKibben muscle 2014, 2016, 2017  [38,63]
Coil Bending angle and direction Continuum robotic arm 2016, 2017 [66]
Zigzag coil Diameter Urinary catheter (balloon) 2014 [108]
Optical Optical fiber Bending angle and direction Soft omnidirectional actuator 2015 [35]
Tactile Soft omnidirectional actuator 2014 [94]
Curvature Wearable soft hand 2016 [28]
Tactile Prosthetic forefinger 2017 [95]
Waveguide Curvature, elongation, and force Soft prosthetic hand 2016 [27]
Contactless Curvature Soft-bodied robot 2011 [109]
FBG Strain for shape reconstruction Soft continuum robot 2014, 2016, 2018  [40,65]
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Transducer mechanisms Materials (electrodes) Sensing functionality Applications Year Ref.
Piezoelectric P(VDF/TrFE) Curvature Soft bending actuator 2007 [14a]

PVDF Shape reconstruction Flexible beam 2014 [41]
Pneumatic Air pressure sensor Curvature or contact pressure Soft bending actuator 2017 [62]
Ultrasonic - Length Pneumatic actuator 2016 [70]
Hybrid Optical waveguide/piezoresistive Strain and pressure Soft structure 2017 [55]

interconnections, constant conductivity under varying strains
is ideal to develop high-performance and robust sensing sys-
tems. Unfortunately, most good conductors (metals and metal
alloys) have a very poor stretchability (only 3-5%). Currently,
there are two approaches to develop stretchable conductors
(Figure 7): material approach (e.g., nanocomposite,!'% liquid
conductor,'™ conductive polymer/hydrogel,F71121 etc.) and
structural approach (e.g., bulking/wrinkling structure,*I kiri-
gami patterning,M4 textile,®® etc.). Despite the widespread
use, nanocomposite, conductive polymer/hydrogel, and con-
ductive textile have poor conductivity and there is always a
trade-off between conductivity and stretchability. Liquid metals
are good conductors and highly stretchable, but complex fab-
rication and leakage risk limit their applications. Furthermore,
the resistance of these materials varies with strain, which
will change the characteristics of the sensing device and elec-
tronics. Recently, developments in buckling metal films or
wires are promising because of the high stretchability, good
conductivity, and negligible resistance change under strain,
but it is very complex to fabricate these structures. Develop-
ments of printable stretchable interconnections were summa-
rized in this review paper.l!’ Therefore, innovations in new
stretchable conductive materials and simple fabrication and
assembly techniques of stretchable metal structures are highly
demanded.

4.3. Modeling Mechanical Sensing of a Soft Robot

Several computational techniques have been successfully used
in the design of mechanical sensors for traditional robotics, such
as microelectromechanical systems (MEMS)-based sensors that
exploit the advantages of semiconductor technologies. In this case,
they can be modeled as single component with elastic behavior and

pressure p

strain sensor

1=
€= lo

small deformations, placed over a rigid substrate, and the mechan-
ical coupling with the robot body is very limited. Oppositely, in soft
robotics, the robot body can be as soft and deformable as the soft
sensor itself, the mechanical coupling between the robot and the
sensor will change the characteristics of an embedded soft sensor.
For example, the skin of an air chamber in a pneumatic robot will
be stiffer when it is inflated, which will change the characteristics
of the strain and pressure sensor attached on it. It is challenging to
do accurate modeling given the complex behavior and large defor-
mation of these hyperelastic materials used. Moreover, in the case
of interaction between a sensorized soft robot and an object, the
contact behavior is difficult to predict through modeling as fric-
tion (that is, affected by the condition of the surfaces in contact)
plays a key role.'% In this case, due to the material characteristics,
the classical theory of Hertzian contact™”! has several limitations,
giving only approximate solutions, and complex numerical simu-
lations are needed.

Taking into account all those aspects would make the mod-
eling much more complex, involving advanced techniques with
high computational costs, and the results might not match well
with physical systems. Efforts are needed to develop more effi-
cient and reliable techniques. Soft sensors are generally consid-
ered as single components, and the mechanical coupling with a
soft substrate or with soft contacting objects has been overlooked.
In the literature, soft sensor modeling is addressed by exploiting
semianalyticall''® or numerical*! approaches. Relevant and reli-
able results have been obtained both at the micro- and the mac-
roscale, enabling the design of optimized structures.'2”

On the other hand, finite element methods (FEMs) have
been developed to simulate soft robot movements and to imple-
ment real-time control algorithms.'?!l Recently, Duriez and
co-workers provided an online open-source platform, called
SOFA,122 which is dedicated to medical simulations but can
be used for soft robotic systems as well. In particular, FEM

helical
¢ /|strain path

(oLt
R 2e 6 = 2me

Figure 6. a) Definition of a stretchable strain sensor. b) A pressure sensor using a strain sensor. c¢) A bending curvature sensor using a pair of strain
sensors. d) A twisting angle sensor using a stretchable strain sensor placed on helical path.
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