
The copyright of this thesis rests with the author and no quotation from it or information derived from it 

may be published without proper acknowledgement. 

Inflatable Variable Stiffness Soft Robots

Stilli, Agostino

Awarding institution:
King's College London

Download date: 08. Jul. 2025



 

 

 

 

Inflatable  

Variable Stiffness  

Soft Robots 

 
by Agostino Stilli 

 

 
 

 

 

 

A thesis submitted in partial fulfilment of the requirements for the degree of 

‘Doctor of Philosophy’ in Robotics 

to 

King’s College London 

Faculty of Natural and Mathematical Sciences 

Department of Informatics 

 

September 2017 

Primary Supervisor: 

Dr. Elizabeth Sklar 

Secondary Supervisor: 

Prof. Kaspar Althoefer 



2 
 
I herewith declare that I have produced this Thesis without the prohibited 

assistance of third parties and without making use of aids other than those 

specified; notions taken over directly or indirectly from other sources have been 

identified as such. This Thesis has not previously been presented in identical or 

similar form to any other British or foreign examination board. 

London, September 2017



Abstract  3 
 

Abstract 
Soft materials have opened new possibilities in robotics: the use of inherently 

adaptable mechanical structures allows soft robots to negotiate with uncertain 

and unstructured tasks. Nevertheless, their sizable elastic deformations pose a 

limitation to their modelling and control. Moreover, the maximum achievable 

stiffness is typically too low to provide performances comparable to those of 

their rigid-linked counterparts.  

The research presented in this thesis aims at overcoming these limitations and 

bridging the gap between traditional and soft robotics by proposing a novel 

design paradigm for a Variable Stiffness System (VSS) based on soft materials 

with the potential to be employed in a wide range of application areas. The 

proposed design takes inspiration from the antagonistic stiffening mechanism of 

muscles in nature, in which the balancing of two opposing contractile muscle 

forces allows to achieve infinite stable configurations.  

A combination of flexible inflatable membranes and flexible, yet inextensible 

fabric sleeves is used to enable fine stiffness tuning, by mean of pneumatic 

actuation. The conjoint use of tendon-driven actuation is proposed to enable not 

only stiffness controllability, but also shape-shifting and shape-locking 

capabilities.  The use of fabric allows for significantly higher pressures to be 

used, thus, larger forces can be exerted on the environment, still making use of 

soft materials.  

This has led to contributions within the areas of industrial collaborative robots, 

where the concept of stiffness-controllable robotic link has been explored to 
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enhance safety in Human-Robot Interaction (HRI); in surgical robotics where 

the use of the proposed antagonistic actuation mechanism has been investigated 

to improve the dexterity of laparoscopic tools; and in rehabilitation robotics, 

where the same mechanism is employed to improve the ergonomics of state-of-

the-art exoskeletons for hand-rehabilitation. This thesis shows how this novel 

design concept can be applied to effectively improve or replace a wide range of 

state-of-the-art robotic systems.    
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Chapter 1 

1 Introduction 
This chapter provides a comprehensive outline of the motivation, the aim and 

objectives and the main contributions of this thesis. The outline of the thesis is 

also presented, describing how the research is divided and presented in 

different chapters and how these chapters connect to each other.  
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1.1 Background 

Soft robotics is regarded as one of the biggest revolutions since the dawn of 

robotics [1]. Soft systems are expected to play a central role in the 4th industrial 

revolution [2], enabling closer and safer collaboration between humans and 

robots. Researchers worldwide are pushing the boundaries in this novel research 

field where robotics meets material science. To get a measure of the entity of the 

research output in this field we can refer to “Soft Robotics” (Mary Ann Liebert, 

Inc.), the first monothematic journal on this subject, nowadays the point of 

reference for this ever-growing robotic community. The journal Soft Robotics 

was firstly launched in July 2014 [3]; in the time span of three years, thanks to 

the intense activity of its community and its monopolistic position, it has become 

the journal with the highest Impact Factor (IF) in robotics, IF: 8.649 in 2017.  

The use of rubber-like materials [4], [5] opened new possibilities in terms of 

design, morphology and fabrication of soft systems, posing new challenges in 

terms of modelling and control, paving the way for a new robotics era. Silicone 

rubbers, scientifically known as polysiloxanes, have been widely investigated 

not only for their low stiffness, flexibility and stretchability, but also for their 

peculiar chemical-physical characteristics such as high resilience [6], extreme 

temperature resistance [7], low flammability [8], waterproofness [9] and 

remarkable environmental resistance (e.g. to ozone, UV rays, rain, snow, sleet, 

frost) [10]. These features make this synthetic elastomer more appealing than 

any other rubber-like material, both synthetic and natural, for soft robotics 

research. The usage of meshes [11], membranes and threads [12], has been also 

extensively explored: the flexibility of these materials allows for easy integration 

with soft robotic structures [13] or for the creation of stand-alone systems [14]. 

Despite the fairly recent appearance of this robotics branch, the use of soft 

systems has been already investigated in depth and applied widely in areas, 

ranging from exploration in disaster scenarios [4], rehabilitation [15], military 
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field service [16], minimally invasive surgery [17], sea inspection [18], to 

industrial robotics [19]. Soft robots have proven potential to outperform 

traditional robots in several, if not all, of these areas. Soft robotics research has 

already gone beyond academia, generating small and medium-sized enterprises 

(SME), such as Pneubotics Inc.  [20] and attracting the interest of big robotic 

companies, e.g. FESTO [21], in the soft robotics quest for the future of 

automation. In 2014 Big Hero 6, a 3D computer-animated superhero-comedy 

film [22], was the first movie ever to introduce the concept of soft robots to the 

wide public, indicating soft robotics as the answer to the need for machines 

capable of safer human-robot interaction (HRI) [23].  

Bio-inspiration has always played a central role in the soft robotics exploration 

of novel designs: the dexterity of natural limbs such as the trunk of the elephant 

[24], the tentacle of the octopus [25], [26] or the complex body motion of the 

snake [27], [28] have provided the role models behind the design of most of the 

soft robots developed so far. The human body itself inspired Joseph Laws 

McKibben when he developed the first pneumatic artificial muscle (PAM) in 

1950 [29]. This system is regarded as the first intrinsically soft actuator. Its 

design, as many others in soft robotics, was the result of the search for a simpler 

and more adaptable robotic system to overcome the limitations of traditional 

rigid-linked robots; here for the delivery of rehabilitation therapy to patients 

affected by poliomyelitis. Since the dawn of soft robotics, pneumatics [30]–[32] 

and hydraulics [33], [34] have been the preferred forms of actuation, due to the 

possibility of seamlessly embedding chambers into soft structures, without the 

need for rigid components, hence maintaining their desirable properties, i.e., the 

softness of these structures. For the same reason tendon-driven actuation has also 

been largely employed in soft [25], [35], [36] and compliant robots [37], [38]. 

The advent of smart materials such as electroactive polymers (EAPs) [39], 

electro-rheological (ERM) [40], magneto-rheological (MRM) [41] materials and 

shape memory alloys (SMAs) [42] widened the range of actuation means 
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available for soft robotic applications. However, pneumatic and tendon-driven 

actuations are still widely preferred due to the larger forces exertable, the 

simplicity of their design, the inexpensiveness of the materials and the lower 

power consumption.  

Despite the aforementioned benefits of the soft robotic approach, these systems 

present a number of limitations that researchers in this field are trying to 

overcome: soft robots are typically more complex to model and control in 

comparison with their rigid counterparts [43], due to the deformability of their 

bodies; this directly relates to what is widely considered the core challenge of 

soft robotics: the stiffening of soft structures [44]. In the search for the right 

trade-off between desired compliance and exertable force, researchers explore 

numerous approaches to enable on-demand stiffness tuning of soft robots [44]. 

These limitations are particularly evident in pneumatically and hydraulically 

actuated silicone-based robots. The sizable deformations exhibited in soft 

systems due to the inflation of embedded pneumatic/hydraulic actuators results 

in difficulties for modelling and control. This phenomenon, frequently referred 

to as ballooning in the soft robotics literature [45]–[47], limits not only the 

workspace, but also the maximum pressure these systems can operate at. As a 

result, the maximum stiffness achievable, as well as the maximum force that 

these systems can exert when interacting with the environment, are typically 

limited. To solve this problem researchers started to embed threads in the 

silicone walls of the chambers to create a braiding [12], [48], reinforcing these 

soft structures, thus allowing the use of higher pressures and providing only 

deformations in desired directions. This simple, yet effective, design adjustment 

significantly improved the overall performance of these systems, making it also 

easier to model and control their mechanical behaviour. Yet, after a certain 

pressure threshold is reached, the coils forming the braiding become too spaced 

apart to prevent undesired deformations, leading to a secondary ballooning effect 

in between the coils.     



Introduction  25 
 

This thesis sets out to address these limitations proposing a novel design 

paradigm to enable the use of high pressure pneumatic actuation in soft robots, 

hence, a higher level of on-demand stiffness. 

1.2 Research Motivation 

Soft systems have the potential to revolutionise the robotics industry and to 

advance our society on a large scale. To transform this potential into real 

disruption, however, soft robots need to be able to deal with the tasks we are 

currently assigning to traditional rigid-linked robots. Although soft robots are 

already more dexterous than their rigid counterparts, they are still not able to 

achieve a comparable level of stiffness when needed. This translates into the 

incapability of these systems when it comes to handling the same payloads that 

traditional robots do. A soft robot that is not able to stiffen its body enough to 

guarantee the accurate positioning of a payload at the end effector, is a robot that 

is not ready for real word applications. 

On the other hand, rigid-linked robots are unsafe by nature for HRI. Regardless 

of the quality of the control or design, traditional robots are still made of rigid 

components; hence, when it comes to interacting with soft tissues, e.g. the human 

skin or the mucous membrane, soft materials lend themselves more readily to 

creating robots that are safe in the context of HRI.  

All the above limitations are directly or indirectly related to the lack of a reliable 

control mechanism for the stiffness of these soft structures. Bridging this gap 

will be important when trying to unlock the real potential of these systems.  This 

is the main motivation behind the search for a novel Variable Stiffness System 

(VSS) to bridge the gap between traditional and soft robotics presented in this 

thesis.  
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1.3 Aim and Objectives 

The aim of this research is the creation of a novel design paradigm to enable 

on-demand stiffness controllability in soft structures. Such a solution would 

bridge the gap between soft and traditional robots in a wide range of applications. 

This research therefore consists of the following objectives to achieve the 

described aim: 

1. To create a novel VSS to be embedded in soft robots that: 

a. Works in a wide stiffness range despite being made solely of soft 

materials. 

b. Allows for on-demand and reversible stiffness transitions 

c. Allows for fine stiffness tuning in a continuous (non-discrete) 

stiffness range. 

2. To create a VSS – based on (1) – that is not only stiffness-controllable, 

but also able of contextual shape-shifting and shape-locking capabilities. 

3. To demonstrate the effectiveness of the design paradigms in (1) and (2) 

by using them in the creation of novel robotic systems, which outperform 

their state-of-the-art counterparts. 

1.4 Research Contributions 

The research presented within this thesis has led to the following contributions: 

I. A novel active structural element that: 

o Can be continuously tuned in terms of stiffness in a wide range, 

achieving an infinite number of stable states; 

o Is inherently safe for human-robot interaction due to its capability of 

quickly switching between a rigid and a compliant/soft state and 

because it is made from soft materials; 
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o Is intrinsically able to detect collisions and interactions with the 

environment, acting as a distributed sensor at a much lower cost than 

commercially available solutions. 

II. A novel anthropomorphic manipulator that uses the active structural 

elements proposed in (I) as robotic links to enable inherently safe HRI in 

collaborative scenarios. 

III. A novel bio-inspired soft robotic manipulator for minimally invasive 

surgery (MIS) that combines pneumatic and tendon-driven actuations in 

an antagonistic fashion, endowed with stiffness-tuning, steering and 

shape-locking capabilities. 

IV. A novel entirely soft assistive glove for hand rehabilitation, based on the 

same bio-inspired actuation principle of the system proposed in III. 

1.5 Outline of the Thesis 

The outline of the thesis is shown in Figure 1. Chapter 2 will provide a general 

background and literature review on how stiffness controllability has been 

addressed in soft robotics to date. Chapter 3 will describe the design, 

methodology, evaluation and intended application of contribution (I) and (II) in 

industrial robotics; background about HRI in industrial settings is also provided. 

Chapter 4 will then describe the design and methodology related to contribution 

(III). Chapter 5 will detail the use of the system in contribution (III) in surgical 

robotics. Chapter 6 reports on the application of the system of contribution (IV) 

in rehabilitation robotics. A dedicated background will be provided in each 

application chapter. Chapter 7 will conclude the thesis, discuss the limitations of 

the proposed systems and provide recommendations for future work.  

1.6 Summary 

This thesis explores stiffness controllability in soft robotics, a widely 

investigated research area where researchers are attempting to make soft robots 
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ready for real world applications. The lack of effective solutions served as main 

motivation for research into a novel stiffness-controllable structural element and 

a novel bio-inspired actuation system for soft robots with stiffness-tuning, shape-

shifting and shape-locking capabilities. Thus, two new design paradigms for 

VSS will be presented. Furthermore, the use of these systems in different robotic 

applications, ranging from industrial (Chapter 3), to surgical (Chapter 5) and 

rehabilitation robotics (Chapter 6) will be explored. 

 

Figure 1 – Outline of the thesis. 
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1.7 Publications and Dissemination 

The work described in this thesis has been widely presented in renowned robotic 

journals, such as the Soft Robotics Journal (SoRo), published by Mary Ann 

Liebert Inc. (IF: 8.649) and the Robotics and Automation Letters (RA-L), 

published by IEEE (IF to be assigned in 2018) and the British Journal of Urology 

(BJU), published by Wiley-Blackwell (IF: 4.439).     

The work described in this thesis has been presented also on several occasions 

at top international robotic conferences, such as the IEEE International 

Conference on Robotics and Automation (ICRA), the IEEE/RSJ International 

Conference on Intelligent Robots and Systems (IROS) and the International 

Conference on Intelligent Robotics and Applications (ICIRA). Part of this thesis 

work will also be presented in May 2018 at the IEEE Soft Robotics Conference, 

the first monothematic international conference about Soft Robotics. The author 

presented also in international workshops, such as the Workshop on Computer 

/Robot Assisted Surgery (CRAS), congresses and symposiums, such as the 

Prostate Cancer World Congress (PCWC) and the Hamlyn Symposium on 

Medical Robotics (Hamlyn). 

A complete list of all the publications produced by the author about the work 

presented in this thesis is presented here. The author also indicated to which 

contributions and to which thesis section each publication links to. 

Journal Papers: 
 

A. Stilli, H.A. Wurdemann, and K. Althoefer. "A Novel Concept for Safe, 

Stiffness-Controllable Robot Links." Soft Robotics 4, no. 1 (2017): 16-22. 

Contribution: I. Chapter: 3.    
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A. Shiva, A. Stilli, Y. Noh, A. Faragasso, I. De Falco, G. Gerboni, M. Cianchetti, 

A. Menciassi, K. Althoefer, and H.A. Wurdemann. "Tendon-based stiffening for 

a pneumatically actuated soft manipulator." IEEE Robotics and Automation 

Letters 1, no. 2 (2016): 632-637 (presented also in ICRA 2016).  

Contribution: III. Chapter: 4. 

K. Althoefer, H.A. Wurdemann, and A. Stilli.  "Minimally invasive surgery 

employing antagonistic, inflatable robot: evaluation of positioning accuracy and 

motion dynamics." BJU International 116 (2015): 48-49.   

Contribution: III. Chapter: 4 and 5.  

Conference Papers: 
 

A. Stilli, A. Cremoni, M. Bianchi, A. Ridolfi, F. Gerli, F. Vannetti, H.A. 

Wurdemann, B. Allotta and K. Althoefer. “AirExGlove - A Novel Pneumatic 

Exoskeleton Glove for Adaptive Hand Rehabilitation in Post-Stroke Patients”, 

In Soft Robotics, 2018 IEEE-RAS International Conference on (RoboSoft). 

IEEE, 2018.   

Contribution: IV. Chapter: 6. 

A. Stilli, L. Grattarola, H. Feldmann, H.A. Wurdemann, and K. Althoefer. 

“Variable Stiffness Link (VSL): Toward Inherently Safe Robotic Manipulators.” 

In Robotics and Automation, 2017 IEEE International Conference on (ICRA), 

pp. 4971-4976. IEEE, 2017.   

Contribution: II. Chapter: 3. 

H. Wurdemann, A. Stilli, and K. Althoefer, “Stiffening mechanism and stiffness-

controllability of soft robots: An antagonistic actuation technique for 

simultaneous stiffness and position control.” In International Conference on 

Intelligent Robotics and Applications (ICIRA), 2015.   

Contribution: III. Chapter: 4. 
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F. Maghooa, A. Stilli, Y. Noh, A, K. Althoefer, and H.A. Wurdemann. "Tendon 

and pressure actuation for a bio-inspired manipulator based on an antagonistic 

principle." In Robotics and Automation, 2015 IEEE International Conference on 

(ICRA), pp. 2556-2561. IEEE, 2015.   

Contribution: III. Chapter: 4 and 5. 

A. Stilli, H.A. Wurdemann, and K. Althoefer. "Shrinkable, stiffness-controllable 

soft manipulator based on a bio-inspired antagonistic actuation principle." In 

Intelligent Robots and Systems, 2014 IEEE/RSJ International Conference on 

(IROS), pp. 2476-2481. IEEE, 2014.   

Contribution: III. Chapter: 4. 

Workshop, Symposium and Congress Papers: 
 

A. Stilli, H.A. Wurdemann and K. Althoefer. “A Novel Flexible Endoscope for 

Minimally Invasive Surgery”, in Annual International Conference of the IEEE 

Engineering in Medicine and Biology Society, 2016 (EMBC), (1 page paper).  

Contribution: III. Chapter: 5. 

A. Stilli, H.A. Wurdemann, and K. Althoefer, “A Novel Inflatable and Flexible 

Endoscope for Inherently Safe Minimally Invasive Examination”, in WS on 

Computer /Robot Assisted Surgery, 2016 (CRAS).   

Contribution: III. Chapter: 5. 

A. Stilli, A. Cremoni, H.A. Wurdemann, and K. Althoefer, “A new 

antagonistically actuated endoscope: Towards an inherently safe minimally 

invasive examination”, in Hamlyn Symposium on Medical Robotics, 2016 

(Hamlyn).   

Contribution: III. Chapter: 5. 
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A. Stilli, H.A. Wurdemann, and K. Althoefer, “Hybrid actuation for a bio-

inspired continuum robotic manipulator for surgical applications”, in Hamlyn 

Symposium on Medical Robotics, 2015 (Hamlyn).   

Contribution: III. Chapter: 4 and 5. 

K. Althoefer, H. Wurdemann, and A. Stilli, “Minimally invasive surgery 

employing antagonistic, inflatable robot: Evaluation of positioning accuracy and 

motion dynamics.” In Prostate Cancer World Congress (PCWC), 2015.   

Contribution: III. Chapter: 4 and 5. 

A. Stilli, F. Maghooa, H.A. Wurdemann, and K. Althoefer, “A new bio-inspired, 

antagonistically actuated and stiffness controllable manipulator”, in WS on 

Computer /Robot Assisted Surgery, 2014 (CRAS).   

Contribution: III. Chapter: 4. 
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Chapter 2 

2 Stiffness Controllability in Soft 
Robotics  

This chapter provides an extensive background and literature review relevant to 

the contributions of this work. A thorough analysis of the state of the art of 

variable stiffness systems (VSSs) in soft robotics is provided. This chapter 

focuses on the approaches developed to achieve stiffness controllability in soft 

robotic systems. Different designs, materials and techniques are presented 

within this section. However, given the magnitude of the topic, previous work on 

the applications of the presented systems are not discussed in this chapter. A 

dedicated background section regarding the applications of the new system 

presented in this thesis, i.e., collaborative robots in industrial settings (Chapter 

3), surgical applications (Chapter 5) and rehabilitation robotics (Chapter 6), is 

provided at the beginning of each chapter.   
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2.1 Introduction 

This thesis focuses on the investigation of a new and innovative variable stiffness 

system (VSS) for soft robots. Therefore, in this section background about the 

research conducted within this area is provided. The VSSs for soft robots 

described here make use of soft means of actuation only to generate the desired 

change of the mechanical properties of the systems in which they are embedded. 

According to the recent comparative study presented in [44], VSSs for soft 

robots can be divided in two main groups:  

I. Active VSSs for Soft Robots: these VSSs provide on-demand stiffening 

using an antagonistic approach, i.e., the creation of stiffness by means of 

equilibrium between two or more forces, at least one of which is an active 

force.  

II. Semi-Active VSSs for Soft Robots: these VSSs provide on-demand 

stiffening relying on their capability of intrinsically tuning the rigidity of 

the robotic structure in which they are embedded. 

These two groups can be divided into sub-groups based on the soft actuation 

means used to achieve on-demand stiffness. The VSSs in group I are presented 

in Section 2.2, while group II is discussed in Section 2.3. Given the scope of this 

thesis, this background section focuses only on robots based on soft materials 

and soft actuation means, excluding flexible rigid-linked manipulators such as 

robots that are flexible by design. A comprehensive up-to-date literature review 

on flexible continuum manipulators can be found in [38]. Relevant background 

on the field of surgical robotics, where these systems found extensive use, will 

be provided in Chapter 5. Another class of mechanisms that were acknowledged 

by several researchers as soft robotic systems prior to the introduction of soft 

materials in robotics is the compliant or variable-stiffness actuators class. These 

actuators are not discussed in this chapter; an up-to-date exploration of these 
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actuators is presented in [49], [50]. Relevant background on 

stiffness-controllable industrial robotics will be provided in Chapter 3.  

2.2 Active VSSs for Soft Robots 

Active VSSs are based on active means of actuation. According to [44], Active 

VSSs can be divided in two primary sub-groups based on the configuration of 

the means of actuation used:  

- Active/Active Configuration (AAC): the stiffening is achieved by creating 

a stable equilibrium between two or more active forces that are generated 

by two or more active means of actuation.  

- Active/Passive Configuration (APC): in this scenario, only one mean of 

actuation is used. This mean is paired with a passive non-actuated 

element that provides a reactive force in response to the active force 

applied. The stiffening of the VSS is caused by the equilibrium between 

an active and a passive force.    

In this section, the active means of actuation used to create Active VSSs are 

presented. Either of these means of actuation can be paired with any other of 

their kind, or with any passive system in AAC and APC configurations, 

respectively. In soft robotics, several, but not all, of the possible combinations 

between the active means of actuation listed within this section have been 

explored, although in theory any other combination could also be used. In 

addition, passive elements typically used in soft robotics in APC configurations 

are detailed in this section. Relevant examples of explored combinations in soft 

robotics are provided in this section as well.      

2.2.1 Active Actuation Means 

In this section, the active means of actuation used in soft robotics are presented 

and classified. This classification builds on the work presented in [44], providing 
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an extensive background in this area. The author of this thesis acknowledges this 

classification to be the most comprehensive proposed so far in this field; for this 

reason, the structure of the classification has not been altered.    

Flexible Fluidic Actuators 

Dating back to 1962, the flexible fluidic actuators that started the investigation 

into soft robotics, specifically McKibben actuators [29], are generally regarded 

as the first soft actuators – their introduction had considerable impact on the 

development of soft robotics field. However, according to the publication data 

presented in [51], soft robotics only became a widely recognized area of research 

over four decades later, into 2004. McKibben actuators have been widely 

investigated in the soft robotics community, and, due to the their muscle-like 

mechanical behaviour, are frequently referred to as pneumatic artificial muscles 

(PAMs)  [52], [53]. PAM actuators present a simple mechanical structure 

composed of an air-tight internal bladder fitted inside a braided mesh shell which 

is made of flexible yet non-extensible threads. Once pressurised air [53] or water 

[54] is supplied to the bladder, due to the high longitudinal and low radial 

stiffness of the braiding, the actuator shortens. These actuators have a number of 

desirable features, including their remarkable force density per volume and 

mass; the McKibben actuator presented in [55], with a diameter of 15 mm and a 

weight of 50 g, produces up to 1,000 N at 100 kPa with radius variation of 100%. 

The performance of these actuators is even more impressive in the case of 

hydraulic actuation, as shown in [54] where a McKibben actuator that uses water 

pressure with an external diameter of 40 mm produces 28,000 kN at 4000 kPa. 

The use of fluidic actuation to actuate soft structures has been also extensively 

explored in the context of elastomeric structures. Fluidic elastomeric actuators 

(FEAs) are a design translation of the PAM actuators, where chambers directly 

obtained in elastomers perform the function of the bladder and the surrounding 

material the role of the deformable braiding. Several designs have been explored 
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in this context to provide the anisomorphism necessary to generate a preferential 

direction of chamber expansion, analogous to the way in which the thread 

orientation creates a low radial and high axial stiffness in PAM actuators. These 

designs include non-uniform distribution of the elastomeric material by design 

[56], the usage of less extensible yet flexible structures embedded into the main 

elastomeric body [57] (typically different elastomers with considerably higher 

Shore hardness, i.e. the hardness scale typically used for soft materials), and the 

usage of fibres to braid the chambers [18] using the same principle of deformable 

braiding employed in PAM actuators. Additionally, the designs can include 

combinations of these approaches, as in the PneuFlex actuators embedded in the 

RBO hand presented in [58], or all of them together [13]. The modularity of 

these systems allows for complex and articulated designs such as those in [58] 

and [59]. Complex designs can be realized using embedded pneumatic networks, 

as demonstrated by the G.M. Whitesides group at Harvard University; such 

designs include the starfish-like gripper presented in [61] or the Multigait soft 

walking robot presented in [62].   

 

Shape Memory Materials 

All materials capable of recovering a predefined shape that has been 

“memorised” during their fabrication process belong to the class known as shape 

Figure 2 – Examples of soft fluidic actuated systems: (a) a PAM relaxed and contracted [52], (b) the RBO 
soft hand [58], and a starfish-like gripper [61].  
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memory materials (SMMs). This controlled and invertible plastic deformation is 

typically induced by a phase transformation of the material. The investigation of 

these materials started with the work of Ölander in 1932 [63] on the metallic 

alloy Cd-Au (gold-cadmium). This alloy can be significantly deformed from its 

original shape; however, upon heating to a temperature generally referred to as 

the reverse transformation temperature (RTT) [64], the memorised shape is 

recovered. In 1941, Vernon and Vernon first introduced the term shape memory 

[65]. This thermoelastic behaviour associated with the martensite-austenite 

transformation of the alloy was reported later in 1951 by Chang et al. in [66], 

who already referred to this material as shape memory alloy (SMA). Another 

peculiar behaviour of certain SMAs is super elasticity (SE), also known as 

pseudo elasticity (PE); in this behaviour, at a temperature higher than the RTT, 

the alloy exhibits a stress-induced martensitic transformation upon loading. 

Once the induced load is removed, the phase transformation is inverted and the 

initial shape is recovered, allowing a large reversible deformation [64].  

Following the discovery of these properties of the Cd-Au alloy, several other 

metallic alloys have been found that exhibit the same behaviour, e.g., In-Tl 

(Indium-Thallium), In-Cd (Indium-Cadmium) [67], Cu-Zn (Copper-Zinc) [68] 

and Cu-Al-Ni (Copper-Aluminium-Nickel) [69]. Despite the widespread interest 

of the research community, the attempt to find practical applications in industrial 

settings for the aforementioned alloys has been unsuccessful, largely due the 

high costs involved in the complex manufacturing process together with 

undesired mechanical properties [70]. One of the alloys that has been more 

extensively investigated is the binary alloy Ni-Ti (Nickel-Titanium). William J. 

Buehler discovered this alloy’s properties in 1959 [71]; the name Nitinol 

combines the chemical formula and its place of discovery (Naval Ordnance 

Laboratory). Due to its lower cost of production and more desirable mechanical 

properties, Nitinol has been the first SMA to find commercial applications, 

including the dental, automotive, aerospace and biomedical industries [72], 
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starting with the CryoFit™ pipe coupler for the F-14 jet fighter built by the 

Grumman Aerospace Corporation in 1969 [73]. Different designs have been 

investigated for Nitinol-based systems, including thin films [74], springs [75] 

and loops [76]. Nitinol thin films are interesting as smart materials, particularly 

regarding to Micro-Electro-Mechanical System (MEMS) applications [77].  

To improve the performance of binary SMAs in terms of operation temperature, 

the use of ternary metallic alloys, referred to as high temperature shape memory 

alloys (HTSMAs), has been investigated [78]. In contrast to their binary 

counterparts, which even in the case of Nitinol have a maximum temperature of 

operation of 100 °C, HTSMAs work in a range of 83-513 °C [73]; however, they 

exhibit an average strain of 1.5-4.0 %, lower than the 6-10% range of Nitinol.   

Magnetic Shape Memory Alloys (MSMAs), also known as Ferromagnetic Shape 

Memory Alloys (FSMAs) [79], use magnetic fields to supply the necessary 

energy for actuation, with a similar performance in terms of strain rate to SMA 

but without the limitations of the long thermal transient. Consequently, it is 

possible to achieve higher actuation frequencies [80], even though the low 

operation temperature (-100.15 – 41.85 °C) [81] of MSMAs limits their use in 

real applications. 

Shape memory polymers (SMPs), like SMAs, exhibit a thermal induced shape-

memory [82] that allows these polymers to shift from a permanent to a temporary 

shape. In contrast to SMAs, however, the shape-shifting relates to the glass 

transition of the material, rather than the martensitic transformation. Composed 

of polymers, SMPs are easier to customise in shape, lower in cost in comparison 

with SMAs, and biodegradable, making them particularly suitable for soft 

robotics systems in bio-medical applications [83]. Another relevant 

characteristic of the application of certain SMPs is their self-healing capability 

[84]. Triple-shape polymers, i.e. SMPs with one permanent and two temporary 
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shapes, have been also developed [85], pairing two SMPs with diverse glass 

transition temperatures. An alternative approach to realising a triple-shape 

transition using a single SMP has been proposed in [86]. The use of a magnetic 

field to supply the heat required to induce the shape-changing process has been 

presented in [87]. Recent developments in this field have shown that the phase 

transition can also be induced using light rather than heat [88], or by means of a 

reaction with solutions [89]. On the one hand, the use of SMAs is preferred when 

a limited strain with a high force is required, while on the other hand SMPs can 

provide large strain (up to 400%, and possibly above 800%) but considerably 

lower forces. A comprehensive comparison between the chemical-physical 

properties of SMAs and SMPs is presented in tables 8 and 9 of [73]. Other 

materials such as ceramics have been investigated in the context of SMMs [90]; 

however, because these materials did not find applications in the context of soft 

robotics, they are not discussed further in this thesis.  

Electroactive Polymers  

Electroactive polymers (EAPs) are particularly conductive polymers subjected 

to shape-changing in response to the application of voltage. Due the nature of 

their behaviour, actuators based on EAPs are also referred to as “artificial 

muscle” in the literature [39]. Research about EAPs dates back to the 1880, when 

Wilhelm Röntgen first investigated the effects of the application of an electrical 

field on the mechanical properties of natural rubber sprayed with electric charges 

using needle combs at high voltage, as described in [91]. However, the first 

example of the synthesis of an electroactive polymer occurred a century later in 

1977, when Professors H. Shirakawa, A. G. MacDiarmid and A.J. Heeger 

discovered polyacetylene and demonstrated that, upon doping, it exhibits 

conductive properties [92]. The research in this field grew slowly until the end 

of 2000, as reported in [93]. Following the award of the Nobel Prize for 

chemistry to Professors H. Shirakawa, A. G. MacDiarmid and A.J. Heeger for 

their findings about polyacetylene, and following the challenge to develop an 
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EAP-based robotic arm capable of beating a human at arm-wrestling (proposed 

the year before by Yoseph Bar-Cohen from the NASA Jet Propulsion Lab [39], 

[94]), research on EAPs sparked, reaching its peak ten years later in 2010 before 

slowly declining until the present day [93]. This decline is largely due to the 

multiple drawbacks of this technology that strongly limited its diffusion, leading 

to marginal commercialization.  

A broad family of polymers (and elastomers) is included in the category of 

EAPs. These polymers can be divided in two major groups: electric and ionic. 

The former group is also referred as “dry” and the latter as “wet”, due to their 

mode of use. 

Electric (dry) EAPs are divided into ferroelectric polymers [95] (exhibiting both 

piezoelectric and pyroelectric response [96]), electrostrictive polymers  [97], and 

Dielectric Elastomers (DEs) [98]. Electric EAPs have found wider use than ionic 

EAPs in traditional and soft robotic applications; this difference is due to the 

electric EAPs’ capability of holding the shape and stiffness achieved when the 

application of voltage is upheld, thereby behaving as a variable capacitor. 

Furthermore, electric EAPs have a low power consumption and typically exhibit 

large strains. Lastly, they can be produced in any desired form, also being 

scalable as actuators. One drawback of their use, however, is that they need very 

high voltages to be activated.   

Ionic (wet) EAPs are ionically charged polymers that have been studied as 

standalone systems [99] and in combination with metallic structures [100], 

frequently referred to as ionic-polymer-metallic-composites (IPMCs) in the 

literature. The actuation/stiffening principle of ionic EAPs is based on the 

movement of the ionic charges due to electrostatic attraction toward the metallic 

structure that acts as a cathode when a voltage is applied [101]. As opposed to 

electric EAPs, ionic EAPs require minimal voltage to be actuated (typically 1 V 
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-10 V [101]). They can also produce high strain  [102] and be used as high 

sensitivity sensors [103]. However, their power consumption is significantly 

higher due to the movement of the ionic charges and they need to be constantly 

wet in order to guarantee this electric flow. Therefore, the integration of this 

system with robotic units has limitations, and the use of self-enclosing structures 

that prevent dehydration is necessary to create functional actuators [104]. In this 

context, the use of carbon nanotubes (CNT) has been also explored [105]. 

Tendon-driven Actuators 

Tendon-driven actuation has been extensively investigated in robotics 

applications, in particular for continuum manipulators. Tendons generally 

exhibit minimal bending stiffness, making them suitable for soft [35], [106] and 

compliant [107] [37] robotics applications. Furthermore, they enable remote 

actuation, allowing the motors controlling the tendons to be positioned in the 

base of the manipulator [36], or, even further away from the actual robot 

structure, using Bowden-cable, which are largely employed in wearable robotics 

[108]. Tendon-driven system have been also investigated in combination with 

springs to create series-elastic actuators, such as those presented in [109]. 

Nowadays, thanks to the use of synthetic materials, such as nylon and 

polyethylene, tendons with sub-millimetre diameters can be employed to reliably 

transmit forces in the order of hundreds of newtons with minimal impact on the 

volume and weight of the system they are embedded in. The use of metallic 

alloys in combination with synthetic plastic has been also widely explored to 

customize mechanical characteristics such as tensile strength, elongation at 

break, flexibility, resistance to fatigue and abrasion. For these reasons, tendons 

have been and continue to be one of the most investigated means of actuation for 

traditional and soft robotic systems, in particular in applications where the size 

of the workspace or of its point of access is limited, e.g. in minimally invasive 

surgery [37].      
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2.2.2 Active VSSs in Active-Active Configuration 

In this sub-section, relevant examples of soft robots based on the AAC 

configuration are presented. A comparison between the performance of these 

VSSs, the performance of Active VSSs in APC and those of Semi-Active VSSs 

is presented in section 2.4. 

EAP/EAP: In [110] the use of two DEs in an antagonistic configuration is 

proposed to create an Active VSS. The MERbot [111], a soft walking robot that 

uses a 2-DOF multifunctional electro-elastomer roll as each of its six legs, uses 

a combination of two DEs in an antagonistic configuration to realize both motion 

and leg stiffening. The use of DEs in a multi-layered configuration has been 

explored in [112] to enable active stiffness control in orthoses for hand 

rehabilitation. A series of DEs is used to enable locomotion and stiffness-

controllability in the annelid-inspired crawling robot presented in [113]. A 

comprehensive up-to-date literature review about the use of DEs in soft robotics 

has been presented by Anderson et al. in [114].   

Fluidic/Fluidic: A soft continuum manipulator has been proposed in the recent 

work of Okamura et al. in [115], where a series of PAMs is radially arranged 

around a pneumatic backbone. Based on the same combination is the work 

presented in [116], where 32 micro PAMs are arranged longitudinally, radially 

and circumferentially to mimic the behaviour of the muscles group of an octopus 

tentacle. Purely fluidic actuation is used in [117] to enable crawling and rolling 

locomotion in addition to stiffness adjustment. A 7-m-long manipulator is 

presented in [118], combining three PMAs. 

Tendons/Fluidic: The combination of tendon-driven (6 tendons) and 

pneumatic/hydraulic actuation was first explored in the  KSI tentacle [25], one 

of the first examples of a soft continuum robotic manipulator in the 1990’s. 

However, the accordion-shaped, non-stretchable bellow used for the body 
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embeds rigid ferrules along its length, introducing rigid elements into this system 

and therefore significantly increasing its radial stiffness. The Air-Octor [36] 

presents a similar design and also uses rigid elements (a long spring around the 

central pneumatic chamber), making this robot “soft” only in certain directions. 

2.2.3 Active VSSs in Active-Passive Configuration 

Fluidic/Braided chambers: The development of a multi-section variable stiffness 

endoscope using a series of fluidically-actuated braided silicone chambers is 

presented in [119], [120] for the exploration of the large intestine. Given the 

orientation of the fibres used for the braiding, no elongation or contraction is 

produced upon the application of pressure, but only stiffness tuning. The device 

is intended to bend passively when inserted. The design of a robotic hand using 

pneumatic fibre-reinforced elastomeric actuators to adjust the finger surface 

stiffness is presented in [121]. Kevlar threads are used to reinforce the chambers. 

Micro-tubes embedded in a flexible polymeric matrix composite and fluidic 

actuation are used in [122] to create a system with anisotropic and tunable 

stiffness characteristics. 

SMA/Braided chambers: The combination of SMA coils and braided sleeves 

(commercially available, not customized) embedded in a silicone matrix has 

been extensively explored in the OCTOPUS project [12], [123] to enable 

stiffness controllability in the tentacles of a robotic octopus. The development of 

an 8-armed (-tentacled) robot is presented in [124]: radially- and 

circumferentially- [125] arranged SMA coil actuators on the inside of the 

tentacles mimic muscle arrangement in the octopus arm, enabling both stiffness 

controllability and elongation.    

SMA/Flexible layers: The use of SMA spring actuators in combination with a 

stack of flexible layers is explored in [126] to control the bending stiffness of a 

beam-like system (see also 2.3.1 for layer jamming). 
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SMA/Elastomeric flexible layers: An SMA embedded in flexible elastomeric 

matrix is used to enable crawling locomotion in the soft, 3D-printed robot 

presented  in [127]. The same combination is used in the soft actuator presented 

in [128], also embedding a shape retention system based on a low melting point 

alloy (LMPA) (see also 2.3.3 for LMPA). 

EAP/Flexible layers: The use of EAPs in combination with flexible layers is 

explored in the work of Henke et al. [129] to enable stiffness controllability in a 

beam-like system. The use of pre-stretched EAP films is investigated in [130] to 

create variable stiffness suspensions. The recent work of Li et al., presented in 

[131] on a single-layer system, makes use of a DE to enable transverse curvature 

controllability, hence, the bending stiffness tuning. An up-to-date literature 

review about EAP-based grippers has been recently presented in [132]. A low-

voltage ionic EAP actuator for soft robotic applications using gold 

nanocomposites electrodes is presented in [133]. 

Tendons/Braided sleeve/Spring: A new bio-inspired design for a kangaroo robot, 

focused on the actuation and stiffness control of the tail and combining two 

passive elements such as springs and braided sleeve with tendon actuation, has 

been recently proposed in [134]. Furthermore, a layer-jamming mechanism is 

integrated in the system to increase the stiffness performance (see also 2.3.1 for 

layer jamming). 

Tendon/Fluidic (passive): A stiffness-controllable, tentacle-shaped gripper is 

presented in [135]. The gripper uses only two tendons to provide single-direction 

bending of the elastomeric conic structure where the tendons are embedded. 

Fluid (water) is used to fill the inner lumen of the tentacle. However, pressure is 

not actively controlled; once the gripper bends, due to the reduction of the 

internal volume, the pressure and stiffness both increase. 
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2.3 Semi-Active VSSs for Soft Robots 

Semi-Active VSSs, in contrast to Active VSSs, allow for effectively changing 

mechanical properties of the material, such as elasticity and viscosity, rather than 

create stiffness as a result of the equilibrium of two forces. Another important 

difference between active and Semi-Active VSSs is that the former must embed 

at least one means of actuation, while the latter only enables stiffness 

controllability. Thus, they both must be paired with at least one soft means of 

actuation to create a proper soft robotic system. Examples of soft robots in which 

these combinations have been explored are presented at the end of each sub-

section of this section. 

2.3.1 Jamming-Based Systems 

Jamming is a technique inspired by the well-known stiffening phenomenon 

observed in powder-based, vacuum-conserved foods, e.g., vacuum-packed 

coffee powder.  The stiffening observed after vacuum pressure is applied for 

food preservation is due to the increased friction between the jamming media, 

i.e., the coffee particles. In standard pressure conditions, the coffee particles can 

slide against each other almost freely; consequently, they exhibit a fluid-like 

behaviour. However, when vacuum pressure is applied to the airtight flexible 

container, the differential pressure between the inside and the outside generates 

compression, leading to a significant increase in the friction forces between the 

jamming media. As soon as air is introduced again the system quickly reverts to 

its fluid-like state, as can be experienced by piercing or cutting a vacuum-packed 

coffee container. The quickness, reversibility and magnitude of this stiffness 

transition in conjunction with the small volume variation (less than 0.5 % in the 

case of powder-based systems [19])  made this technique particularly appealing 

for soft and compliant robotics applications. One the first commercialization 

attempts of a jamming-based system is found in the case of the Universal 

Gripper, firstly presented in [19] and developed two years later into a product by 

John Amend (one of the authors of [19]) under the name of Versaball ® by 
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Empire Robotics Inc.. The simple, yet effective gripper design consists of a bag 

filled with ground coffee (jamming media) to be pushed against the target object. 

Once the gripper interacts with the object, it deforms, enveloping the object and 

assuming its shape. Vacuum pressure is then applied to the internal chamber, 

locking the shape of the gripper, allowing for stable grasping of almost any 

object shape. However, as in several other robotics cases, despite the best 

intentions and efforts of the researchers behind this company, the translation 

from academia to industry was unsuccessful; this failure led to the closure of the 

company after 4 years at the end of 2016.  This soft robotics story has been 

recently analysed in [136]. Nonetheless, this novel design attracted the interest 

of several researchers worldwide, opening the door to new applications (e.g., 

deep-sea sampling and manipulation [137]) and posing new interesting 

challenges regarding shape sensing of grasped objects using soft grippers [138]. 

The effect of granules hardness, size and shape on the stiffness of granular 

jamming systems has been investigated in [139], where a soft manipulator is 

presented. The STIFF-FLOP manipulator is another example of a soft robot 

based on pneumatic actuation and granular jamming for stiffening [60].  Not 

only granules have been considered as jamming media, but also layers, as in the 

work presented in [140] produced by researchers at MIT. One of the limitations 

shared by these vacuum-based jamming systems is the maximum differential 

pressure that is inevitably smaller than 100 kPa (typically 85 kPa – 90 kPa for 

good vacuum pumps). Thus, the maximum stiffness of these systems (i.e., the 

maximum friction between the jamming media) cannot be pushed any further, 

unless an external pressure, higher than the ambient pressure, is supplied.  

2.3.2 Magneto- and Electro-Rheological Materials 

The term rheology (from the Greek verb rheos, to flow) refers to the study of the 

mechanical property of fluid, semi-solid, molten and solid materials exhibiting 

predominantly a plastic and viscous behaviour. Magneto-rheological materials 

(MRM) and electro-rheological materials (ERM) are fluids that undergo a 
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modification in their rheological properties (viscosity and elasticity) when a 

magnetic field and electric field are applied, respectively. In both cases, the 

material regains its original properties once the magnetic or electric field is 

removed. In contrast to other VSSs described in this chapter, both ERMs and 

MRMs found industrial applications relatively soon after their discovery in the 

late 1940’s by Rabinow [141], used in the automotive industry in particular to 

create adaptive shock absorbers [142], [143] and in rehabilitation robotics for 

the same purpose [144]. In the field of soft robotics, the use of magneto-

rheological elastomers (MREs) has been also investigated [145], as well as the 

use of magneto-rheological fluids (MRFs) and electro-rheological fluids (ERFs) 

[146], e.g., for the soft gripper presented in [147]. However, because these fluids 

suspensions consist of ferromagnetic particles in most cases, these systems are 

particularly sensitive to particle settling. The use of MRFs in combination with 

absorbing foams solves this problem and allows for the use of the controllable 

fluids in a more cost-effective way [148]. Electro-rheological elastomers 

(EREs), as opposed to their magnetic counterparts, did not find widespread 

application in industry due to the significantly substandard performance of 

dampening variation that was achievable.  

2.3.3 Low Melting Point Materials 

The use of the state-transition from solid to liquid of some materials has also 

been explored to enable stiffness tuning of soft robotic systems. In particular, 

due the nature of the application, low melting point materials (LMPMs), i.e., 

materials with a low melting temperature in comparison to the ambient 

temperature, were considered. A surprisingly promising candidate for this 

material is wax, as demonstrated by the MIT research group in [149], where a 

3D-printed, wax-filled polyurethane foam beam was used to create an articulated 

joint; a flexible, soft scaffold of the same material in both a wax-coated and non-

coated version were compared, demonstrating a significant increase in stiffness 

in the former case. Other examples of the use of LMPMs in soft robotics are the 
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work of Shintake et al. presented in [150], where a metal low melting point alloy 

(LMPA) was used in combination with a dielectric elastomer (an EEAP) to 

respectively stiffen and actuate a soft gripper, or the VSS presented in [151], 

where a LMPA was embedded in a layer of polydimethylsiloxane. A variable 

stiffness fibre (VSF) based on the same metal LMPA (Cerrolow 117) has been 

recently presented in [152], designed to be embedded in wearable robots to 

provided stiffness-tuning capabilities, or to be used in combination with a 

silicone-based fluidic actuator. 

2.3.4 Glass Transition  

The glass transition is the transformation between a hard and brittle state to a 

rubber-like state that characterizes amorphous polymers (not crystalline 

polymers). It is associated with the glass temperature ��, which defines the 

condition in which we find polymers at the ambient temperature ��: rubber 

elastomers, e.g., polypropylene (atactic) (�� � ����� ) and polypropylene 

(isotactic) (�� � ��� )  [153], are polymers with a �� !���; hence, they are 

normally used in a rubbery form; (amorphous) plastics, e.g. polystyrene (�� �

"�#�� ) and polymethyl methacrylate (�� � $#�� ) [153], are polymers with a 

�� %���; hence, they are used in their glassy form. The glass transition is not a 

phase transition, even though the mechanical properties of the polymers change 

significantly; it is also not to be confused with the melting transition, which 

occurs at the melting temperature �& and characterises crystalline polymers. 

However, in the case of semi-crystalline polymers (partially crystalline, partially 

amorphous) such as polyethylene terephthalate [154] (commonly known as 

PET), both transitions take place, always with  �& %���. Altering the �� of an 

amorphous or semi-crystalline polymer by heating it up or cooling it down make 

it possible to change the polymer’s stiffness on-demand. Examples of the use of 

this approach in soft robotics are the soft gripper made of a 3D-printed, acrylate-

based thermoplastic polymer presented in [155], where a microfluidic network 
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is used to supply or remove heat; the approach can also be found in the work on 

polymer nanocomposites inspired by cucumber dermis presented in [156] and 

by animal whiskers presented in [157]. In all these cases, the use of the glass 

transition allows for a significant and reversible decrease in the elastic modulus, 

e.g. for the system presented in [156] by a factor of 40, from 800 to 20 MPa. One 

disadvantage of this transition, however, is that the time required to produce the 

desired transition is typically quite long, e.g. in the order of a few minutes for 

the system presented in [156]. Better performance, with a heating transient time 

in the order of seconds, can be obtained when fluid is used to supply heat [155]. 

A soft robotic system based on this technology is presented in [158], where the 

stiffness of a polycaprolactone-based grid is controlled by multiple heating 

elements, enabling individual stiffness tuning of each cell of the grid. 

2.4 Summary  

In this chapter, an extensive background and literature review on the primary 

purpose of this thesis, i.e., the creation of a new design paradigm to enable 

on-demand stiffness controllability in soft structures, has been provided. In the 

recent work of Manti et al. [44], published in 2016, a new and comprehensive 

classification of variable stiffness systems for soft robots has been introduced. 

The author recognises the merit and the contributions of this work; hence, based 

on the proposed classification, he has presented an extensive up-to-date literature 

review about stiffening mechanisms in soft robotics. Different VSSs and their 

applications in several soft robots have been discussed. As this research shows, 

soft materials are opening new possibilities in numerous robotic applications. A 

qualitative comparison between the discussed systems is presented in Table 1, 

based on the work presented in [44]. Up-to-date references to relevant systems 

are provided in the last column of the table.  
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Table 1 – Qualitative comparison between VSSs for soft robotics applications, based on  [44] (reproduction 
permission obtained): the modes of stiffening considered are: 1) Bending, 2) elongation/compression and 
3)torsion. Different colours have been used to enhance the readability of the table.    
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As discussed in Section 2.1, even though several combinations of VSSs have 

been explored so far in soft robotics, new combinations are continuously 

explored by researchers, as the high number of new systems presented between 

the submission of this thesis and the publication of [44] demonstrates. As the 

data presented in Table 1 highlight, to date there is no system that can 

simultaneously encompass shape-shifting and shape-locking capabilities, 

independent control of body pose and stiffness level, a large workspace, a 

scalable design, high-speed stiffening and de-stiffening in a large stiffness range, 

inexpensive components and low-power consumptions. Certain technologies are 

more promising than others, but none of them address all of these factors. With 

the necessary background provided, the following chapters will explore the 

creation of a novel design paradigm for stiffness-controllable, 

shape-constrained, and inherently-safe soft robots. 
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Chapter 3 

3 The Variable Stiffness Link (VSL): 
a Novel Active Structural Element 

This chapter introduces the Variable Stiffness Link (VSL), the novel design 

paradigm at the foundation of the investigation presented in this thesis. The VSL 

is a pneumatically-actuated, stiffness-controllable structural element intended 

to replace rigid robotic links in traditional manipulators. The VSL presents many 

desirable characteristics including a large internal routing space, low weight-

to-load ratio, a scalable and cost-effective design, stiffness controllability, and 

high stiffness using soft materials. The VSL can also act as inexpensive 

embedded distributed sensor for collision detection, a design feature which is 

particularly valuable in HRI. Traditionally, this feature has been addressed 

using variable stiffness actuators (VSAs) and variable stiffness joints (VSJs) to 

provide on-demand compliance adjustment of the overall system. However, the 

stiffness of the material composing these robots does not change, posing a risk 

for the human collaborator in case of failure of the collision detection measures 

that trigger the compliance adjustment, leading to potentially harmful collisions 

with rigid components. The VSL offers a practical solution to this problem, 

allowing for on-demand stiffness adjustment. A methodology is described for the 

fabrication of the VSL, and the stiffness of the system is evaluated 

experimentally. The design of an integrated anthropomorphic manipulator is 

presented and a collision detection algorithm is proposed and evaluated. 
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3.1 Introduction 

When the implementation of industrial robotics first began, due to the large size 

and the powerful hydraulic actuation of early industrial robots as well as the lack 

of reliable control systems, robotic manufacturers and users decided to address 

safety requirements in the most radical way:  humans and robots were not 

allowed to share the same workspace. Manipulators were usually confined to 

cages and separated from humans by fences. This solution was effective for the 

operation of robots where the intervention of humans was not required and 

provided a basis to start to address safety requirements in the context of industrial 

robotics. As reported in [159] in 1986 for the first time in USA the Robotic 

Industries Association (RIA) developed the R15.06 robot safety standard 

through the American National Standard Institute (ANSI). A few years later, 

Europe introduced the ISO 10218, subsequently adopted by the European 

Committee for Standardization as the EN 775 regulation. The fast evolution of 

servo-controlled electric motors in the 80’s lead to a new generation of more 

capable robots taking over the scene in the beginning of the 90’s. As a result, 

safety requirements changed, leading to the issuance of ANSI/RIA R15.06-1992 

(USA) and ISO 10218:1992 (EN 775) (Europe), the former focused more on the 

integration of robots in industrial settings, the latter more on the duties of the 

robot manufacturer. Nevertheless, robots continued to be considered as high-risk 

machinery to be kept far from reach of a human operator during normal use. The 

1992 regulations furtherly addressed the use of proper means of safe-guarding 

to guarantee the safety of the human operator. In the end of the 90’s, in 1999 a 

task-based risk assessment methodology introduced the ANSI/RIA 

R15.06-1999, taking for the first time in consideration the uniqueness of each 

robot in relation to the assigned task, location and operation. In 2006 the 

ISO 10218-1 regulation was introduced to provide a comprehensive list of 

guidelines to develop industrial robots. Building on this regulation, in 2011 the 

ISO 10218-2:2011 was introduced to address safety requirements for the robotic 

system and its integration in industrial settings; at the same time 
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ISO 10218-1:2011 was published to update the 2006 version. The  

ISO 10218:2011 part 1 and 2 [160] have been published as harmonized standards 

in the European Union and these standards have been also implemented in the 

ANSI/RIA R15.06 in USA and in the CAN/CSA Z434 in Canada.   In the past 

decade, robots started to be used also outside industrial settings, as a result 

dedicated regulations such as the ISO 13482:2014 “Robots and robotic devices 

- Safety requirements for personal care robots” [161] were produced to provide 

specific requirements and guidelines for inherently safe design, protective 

measures, and information for use of personal care robots. With the advancement 

of actuation, sensing and computing technologies, robotic industry started to 

move away from the caged-robot paradigm moving toward a close interaction 

between humans and robots. Also in this case, dedicated regulations were 

produced, like the ISO/TS 15066:2016 “Robots and robotic devices – 

Collaborative robots” [162] where the safety requirements for collaborative 

industrial robot systems and the work environment are specified (in addition to 

all the safety requirements already defined in ISO 10218:2011 part 1 and 2 for 

industrial robots). Requirements and guidelines have been also defined for 

software development in this context [163].  Extensive research has focused on 

the development of software and hardware that offers solutions for inherently-

safe, close human-robot interactions [164], [165]. In these shared work 

environments, the safety of the human worker is of paramount importance and 

needs to be considered in the design of collaborative robots (cobots). A wide 

range of applications that are at present manually executed could benefit  from  

a  new  generation  of collaborative robots that allow safe and close interaction 

between the robot and the worker [166], [167]. Industrial robotic manipulators 

are typically heavy-payload machines, leading to a considerable robot body mass 

in comparison with the average body mass of a human being [168], [169]. 

Furthermore, they are usually capable of considerable accelerations and speeds 

(joints speeds up to 160°/s with angular accelerations up to 100°/s2 are possible 

[168], [169]). In case of accidental collisions with a human worker, industrial 
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robots can exert potentially harmful or life-threatening forces on the human body 

[170], [171]. The paradigm shift from the traditional heavy-duty robot operating 

separately from the human worker in a fenced area, to robots that work closely 

with humans  we are witnessing nowadays represents one of the transitions 

envisioned by researchers worldwide in the so-called 4th industrial revolution 

[2]. This trend moves towards lightweight robots; examples include the 

Universal Robots UR3/UR5/UR10 [172], the lightweight robots from KUKA 

[168], FerRobotics [173], Franka [174], and the Sawyer and the Baxter Robots 

from Rethink Robotics Inc. [175]. These robotic manipulators claim to be safe 

due to integrated, stiffness-controllable actuators that can adapt their stiffness 

based on software tools that rely on sensory information. In some cases, e.g. for 

the Baxter and the Sawyer, the use of series-elastic actuators [176] in the joints 

is also exploited to provide additional hardware compliance.  

In an attempt to make robots safer for interaction with humans, one of the first 

approaches explored was the development of variable stiffness actuators (VSA) 

[49], [177], given the rigid components of traditional manipulators. The 

electrical current and voltage responses of electro-mechanical actuators to 

mechanical load variations enable these systems to be used as intrinsic sensors 

within robotic manipulators [178], allowing for faster and safer motion control 

that maximizes motion speed while limiting risks of injury. A number of studies 

have confirmed that variable stiffness plays a key role in the creation of safe 

high-performance systems [177], [179]. Nowadays, the safe human-robot 

interaction problem is typically addressed using variable stiffness joints (VSJ) 

[180]–[182]. The primary goal of the control systems developed based on this 

joint class is to minimize the probability of injuries due to unexpected collision 

with humans by taking advantage of the natural flexibility of the joints, 

absorbing potential impacts on the rigid components of the robot. 
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Sensing-based safety approaches have also been investigated, such as the use of 

distributed sensors on the external surface of the robot body [183]. These range 

from robot skins that provide contact recognition capabilities such as a 

pneumatic network [184] or capacitive sensors [185], to vision-based systems 

developed to avoid and detect collisions [186]. However, despite their accuracy 

in detecting the location and measuring the intensity of collision, these solutions 

all require additional hardware, a fact which can increase the price of the 

manipulator or limit its motion.  

Although much has been done to improve sensor and actuator performance for 

faster, safer and more accurate collision detection, limited effort has been made 

to improve the intrinsic level of safety of manipulator links. Passive solutions 

like the AirSkin® from Blue Danube Robotics [187], an add-on inflatable skin, 

have been developed and commercialized to provide a softer contact surface in 

case of accidental collisions. However, the materials used to construct links of 

these “lightweight” robots have rigid properties. Metallic alloys and rigid 

polymers are used to build the core structure. Any collisions between a 

manipulator made of these materials and a human worker could still result in 

serious trauma [188].  

One of the questions this thesis seeks to answer, is whether the use of soft 

materials could help in finding more effective design solutions to this issue so as 

to guarantee a safer HRI. In the past decades, the introduction of soft robotics 

has redefined the limits of what a robot can accomplish. A number of soft 

manipulators have proven capable of achieving complex body poses [12]. As 

pointed out in the background chapter, many silicone-based robotic systems 

make use of fluidic actuation; in this method, a number of chambers that are 

independently actuated [60] or connected in a network [30] are directly 

embedded in the silicone body of the robot. The controlled expansion or 

contraction of the pressurised chambers leads to a deformation and therefore 
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movement of the overall structure [62]. The main limitation of this type of 

actuation is the maximum acceptable deformation of the robot body and fluidic 

(pneumatic or hydraulic) pressure that its silicone structure is able to withstand 

without bulging or blowing up. As a consequence of these mechanical 

limitations, the maximum force exertable by such robotic systems is typically 

limited [12]. A deformation of the same relative order of magnitude can be 

observed in the legs of the walking soft robot proposed in [62] once its pneumatic 

network is pressurised to perform a movement. As mentioned in Section 1.1, this 

phenomenon is widely known as ballooning. These volume variations are 

generally difficult to model and thus difficult to predict, creating a significant 

control problem.  

The investigation presented in this thesis is inspired by the EU FP7 Project 

STIFF-FLOP (Grant n. 287728), where the use of silicone to develop 

bio-inspired soft robotic surgical tools [189], [190] was explored for the first 

time. The proposed modular manipulator in STIFF-FLOP was made out of 

silicone. Each module was comprised of three equally-spaced, 

pneumatically-actuated chambers in parallel with the longitudinal axis [191]. 

The STIFF-FLOP manipulator has embedded sensors such as force/torque (F/T) 

and bending sensors to estimate the robot’s tip pose [190], [192]–[194]. To limit 

the lateral inflation of the modules, i.e., to solve the ballooning problem 

characteristic of silicone-based systems described previously, each chamber was 

individually fibre-reinforced [195], significantly improving the performance 

compared to externally-braided robots [60]. A similar approach has been 

investigated in [196], where the combination of different braiding angles was 

explored to achieve a desired bending behaviour for the robot. The use of 

braiding for soft robotic fingers has been explored by researchers in [48], [197]. 

A modular design for stiffness-controllable, passively-bent, thread-braided 

silicone links is presented in [119], [120]. 
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To overcome the issue of large deformations associated with the pneumatic 

actuation of silicone-based robotic systems, the author of this thesis proposes 

and investigates a new type of stiffness-controllable, silicone-based system 

which uses pneumatic actuation and a combination of silicone, plastic meshes 

and fabric. The work presented in this thesis follows the overall idea of creating 

inherently-safe robots that can be used in different robotic applications, 

attempting to provide solutions for safe human-robot interaction. In this chapter, 

the author introduces the Variable Stiffness Link (VSL), an Active-Passive VSS 

for robotic manipulators and for industrial cobots in particular. Using VSLs in 

place of traditional rigid links, it is possible to effectively change and actively 

control the level of stiffness of robotic manipulators.  

In section 3.2, the use of meshes in place of braiding in silicone-based system is 

investigated. The development of the VSL – Version 1 is presented, including 

its design, working principle and fabrication process. Multiple prototypes of this 

version which make use of different meshes have been tested in terms of 

stiffness.  

In section 3.3, the VSL – Version 2 is presented. Here the mesh-silicone structure 

of the VSL – Version 1 is reinforced, making use of an external fabric sleeve to 

widen the pressure range of operation, i.e., the stiffness range. The overall 

system design and fabrication process are detailed in this section. 

In section 3.4, an integrated, small-scale anthropomorphic manipulator 

embedding two instances of VSL – Version 2 is presented. In this proof-of-

concept system, traditional rotational joints are combined with 

pneumatically-actuated VSLs. In one of the first attempts to merge soft and 

traditional robotic elements, thereby bridging the current gap between the two, 

the author proposes a new hybrid manipulator intended to increase safety in 

human-robot interaction while ensuring high stiffness when required. As a result, 
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not only can this manipulator be tuned from a completely soft to a rigid state 

according to the requirements of the task at hand, but collisions can also be 

detected without the need for additional sensors by using the VSL as an 

embedded distributed sensor. A range of experiments have been conducted to 

evaluate both the workspace of the two VSLs system and the collision detection 

algorithm developed, which are presented along with the relative results. 

Section 3.5 summarizes the achievements of the work related to the VSL, its 

limitations and presents future works.  
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3.2 The VSL Version 1: from Threads to Plastic Meshes  

The use of threads helicoidally embedded in the chamber walls of silicone-based 

robots has been extensively explored in soft robotics in an attempt to minimize 

the lateral inflation of these systems and enable the use of higher pressures, 

resulting in higher forces and therefore higher levels of stiffness. In the 

STIFF-FLOP manipulator [60] or in the soft bending actuator presented in [196], 

as in many others cases, researchers have used this improved design to reinforce 

the actuation chambers embedded in the silicone bodies of these systems. The 

braiding increases the radial stiffness of the cylindrical chambers, which 

becomes significantly higher than the axial stiffness thereof. Therefore, once 

pressurized, the chambers tend to elongate rather than inflate laterally. However, 

even if braided systems largely outperform non-braided soft robots in terms of 

maximum force and stiffness, this approach also presents a limitation. To 

understand this limitation, the sequence of section views of a braided chamber 

shown in Figure 3 can be referenced: at the beginning (a) when pressurized fluid 

is supplied, the lateral walls of the cylindrical chamber deform in the desired 

direction (longitudinally), generating the desired motion. The more the pressure 

increases, the wider apart the coils of the braiding are spaced (b). Increasing the 

pressure over a certain system-specific threshold leads to further spacing (c) of 

the coils, causing a secondary ballooning effect. As a result, even if this approach 

solves the issue of ballooning at low pressures for exclusively silicone-based 

systems, at high pressures the ballooning problem returns. 

 

Figure 3 – Mechanism of the secondary ballooning in fluidic actuated silicone-based robots with braided 
chambers: the red arrows indicate the direction of deformation of the silicone walls when pressures is 
applied inside the chamber. 
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The same issue is present in systems with multiple threads and braiding angles 

[196], leading to ballooning in each cell created by the overlapping of two pairs 

of threads. In an attempt to overcome the limitations of traditional braided 

silicone-based actuators, the use of plastic meshes is investigated in this section. 

Plastic meshes, like braids, are composed of multiple threads and present a 

pattern with differently-shaped cells. However, in contrast to braids, no relative 

movements between the threads delimiting a cell is allowed, because at each 

point where two or more plastic threads meet, the threads are soldered together. 

The idea behind the proposed design is to prevent the spacing of threads, i.e., the 

secondary ballooning. It is important to note, in the context of the research 

presented in this chapter the author investigates a silicone-based VSS, i.e. a 

system that has been designed to act as a stiffness controllable structural element. 

Hence, the proposed system does not bend, elongate nor shrink as a standard 

silicone-based fluidic actuator. However, pre-shaped elastic meshes with non-

deformable cells can be employed in the same manner to prevent ballooning in 

silicone-based and in general rubber-like-material-based fluidic actuators. In this 

section, the author describes the design, working principle, fabrication process 

and stiffness analysis of the VSL – Version 1, hereafter referred to as VSL-V1. 

This section begins by detailing VSL-V1’s design and working principle (Error! 

Reference source not found.); next, the section investigates the silicone 

materials and meshes necessary to achieve adequate behaviour for the main 

states of these links, both soft and stiff, as well as outlining the fabrication 

process (3.3.2). In subsection 3.2.3, the experimental setup for stiffness 

evaluation is described and the results are presented. Subsection 3.2.6 

summarises the achievements and limitations of the VSL-V1, linking to the next 

section and the VSL – Version 2. The results presented in this section are also 

published in A. Stilli, H.A. Wurdemann, and K. Althoefer. "A Novel Concept 

for Safe, Stiffness-Controllable Robot Links." Soft Robotics 4, no. 1 (2017): 16-

22 [198], published in  the Soft Robotics journal by Mary Ann Liebert Inc., a 

key point of reference for the soft robotics community worldwide. 
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3.2.1 Design and Methodology  

The design of the c is presented in Figure 4 (a). The VSL-V1 is composed of two 

main structural elements: a plastic mesh which is embedded inside a layer of 

silicone in the shape of a hollow cylinder, as shown in the wall section view in 

Figure 4 (c). When both ends of this cylindrical structure are closed with caps, 

the created airtight chamber can be pressurised using the channels in the caps, as 

shown in the section view in Figure 4 (b). The same pressure line can be used to 

control a chain of links, or several channels can be passed through a link to 

individually control the pressure of each link in a chain. The mesh not only 

prevents the ballooning of the system, but also gives the VSL its cylindrical 

shape and prevents it from collapsing when it is in a low-pressure state. To 

explore the influence of this type of link on stiffness, different silicone materials 

and plastic meshes were investigated at different pressure levels. Figure 4 (b) 

also shows the force distribution inside the link: the pressurized air (azure 

Figure 4 – CAD drawings of the VSL - V1 - Design and working principle: overview of the link assembly 
(a), longitudinal section view of the link (b) showing the I/O channel for pressurized air, with azure arrows 
showing the force distribution of the pressurized air inside the internal chamber and red arrows the force 
distribution of the reaction forces of the link. (c) shows a longitudinal magnified section of the wall link, 
showing the mesh embedded in a 2-mm silicone layer. 
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arrows) pushes from the inside to expand the link; this action is counterbalanced 

by the reaction force (red arrows) of the mesh and silicone walls, keeping the 

cylindrical shape unaltered. The balance between these forces allows the 

stiffness of the VSL to be tuned. As opposed to other soft actuators, the VSL 

neither changes its shape nor twists or bends, but only varies its stiffness. The 

use of plastic meshes rather than threads, which creates non-deformable plastic 

cells, allows for higher pressures to be realised in the chamber. The VSL is 

designed to be: 

• Stiffness-controllable and inherently safe  
 

• Easy to manufacture and inexpensive  
 

• Made of soft material, but capable of behaving like a traditional rigid link 
 

• Hollow, to maximise the housing space inside the link body  
 

• Lightweight, being hollow and pressurised with air. 

3.2.2 Materials and Fabrication  

To select a suitable mesh for the VSL, parameters such as the shape and aperture 

size of the cell patterns, as well as the thread material, were considered. Different 

meshes were tested (see Figure 5). Polypropylene (PP) among other common 

plastics, e.g. Polytetrafluoroethylene (PTFE), was chosen as it is durable and 

does not react chemically with silicone-based materials. In addition, the surface 

of this mesh type is smooth, which significantly reduce the risk of perforation of 

the silicone membrane. The low cost (less than 1 £/sqm) of these meshes allows 

the creation of inexpensive but robust and lightweight robotic links. 

Furthermore, any link diameter can easily be realised using the proposed 

fabrication process starting with a flat, square piece of mesh. A diamond-shaped 

aperture pattern is chosen for this application. This mesh aperture geometry has 

been chosen instead of other commercially available meshes with different 

patterns due to its isotropic mechanical behaviour along the axis of symmetry of 

the cell. 
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These features match the system requirements in terms of non-deformability of 

the link along longitudinal and radial directions.  Based on these considerations, 

four different PP meshes from Normesh Ltd. [199] with diamond patterns and 

different aperture sizes and thread diameters have been selected as follows 

(aperture size/thread diameter): sample (a) 105 �m/106 �m, sample (b) 150 

�m/110 �m, sample (c) 250 �m/215 �m, sample (d) 420 �m/340 �m. In selecting 

an appropriate silicone material, different silicone types from Smooth-On Inc. 

[200], such as Dragon Skin® (described as high-performance silicone rubber by 

the supplier), Oomoo® and Ecoflex® (described as super-soft silicone rubber by 

the supplier), were evaluated concerning their stiffness, chemical stability and 

castability. In particular, Dragon Skin® 20A and 30A, Oomoo® 25 and 30, and 

Ecoflex® 0030 and 0050 silicones were preliminarily tested using small samples 

in the shape of small stripes 100 mm in length and 2 mm in thickness, which is 

the desired thickness of the VSL walls. A comparison between these silicone 

types obtained from the producer’s website [200] is available in Appendix I. 

Based on this preliminary analysis, Dragon Skin® was selected as the most 

suitable for this application, exhibiting a high level of elasticity and shape 

retention and low long-term shrinkage, less than 0.001 mm/mm. Aiming to 

achieve a good trade-off between softness of the material, needed to ensure a 

safe HRI, and the mechanical rigidity of the cylindrical structure, needed to 

Figure 5 – Plastic meshes tested: (a) diamond-shaped polypropylene (PP) mesh, (b) eye-shaped 
Polytetrafluoroethylene (PTFE) mesh, (c) woven Polyester mesh.  
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guarantee the robustness of the system, Dragon Skin® 20A was selected from 

among the Dragon Skin® family. The 20A in the name refers to the Shore 

hardness of the material. The Shore scale, developed by Alfred Ferdinand Shore 

in the 1920’s [201], is a stiffness scale typically used for rubber and plastic 

materials. A rubber marked as 20 on the Shore scale A is considered a soft 

rubber, in the same range as a rubber band.  

The fabrication process for the VSL-V1 is as follows: rectangular sheets of the 

selected PP meshes of dimensions of 15 cm × 8.5 cm were hand-sewn into the 

shape of cylinders with a length of 15 cm and a diameter of 2.5 cm to create the 

link prototypes. Nylon threads were used to sew the longitudinal mesh sides 

together (with an overlap of 7 mm) to form the cylindrical structures, as shown 

in Figure 6. The meshes were cut and sewn in such a way that the main diagonal 

of the diamond apertures was aligned with the longitudinal axis of the link. A 

mould consisting of three components was created to allow each cylindrical 

mesh to be enclosed within the silicone material (Dragon Skin® 20 A). The 

mould parts I, II and III (see Figure 6 [b]) were created by a Stratasys Dimension 

SST 768 rapid prototyping machine. 

 

Figure 6 – Fabrication stages of the VSL-V1: mesh sewn in the shape of a cylinder (a), mould components 
(I, II and III (b)) and mould assembled (c). Figure (d) shows the link after demoulding and removing of the 
silicone excess. 
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The moulding process proceeded as follows: the sewn PP mesh was slipped over 

the cylindrical mould component I. Then, the mixture (1:1 ratio) of the two 

components of Dragon Skin® 20A silicone was prepared and degassed in a 

vacuum chamber at a vacuum pressure of – 0.85 kPa. Part of the silicone mixture 

was then poured into the base part of the mould (II), filling the mould to half of 

its capacity. Part I of the mould with the mesh was then inserted from the top 

into part II. More silicone was added after inserting part I into part II, to ensure 

that enough material was present to form a complete and continuous link wall. 

Part III was then inserted into part II as demonstrated in Figure 6 (b); excess 

silicone escaped from the long aperture located at the top of part III. The silicone 

was then allowed to cure at room temperature for 8 hours. Figure 6 (c) presents 

the mould in its assembled state, while Figure 6 (d) displays the link after the 

moulds and any excess silicone have been removed. The whole procedure was 

repeated to create four samples employing the four different meshes. The mould 

was specifically designed to generate silicone-mesh walls of the same thickness 

for all four samples, i.e., 2 mm, regardless of the thickness of the mesh used. 

3.2.3 Test Rig for Stiffness Analysis 

The mechanical properties of the systems presented in this thesis are strongly 

influenced by the pressure level applied. Different approaches have been 

investigated in the past to assess the mechanical behaviour of inflated structures: 

in [202] the bending behaviour of inflated fabric tubes is thoroughly investigated 

and the case of cantilever beam loaded at the tip is analysed proposing a robust 

model for this scenario. Timoshenko’s beam theory is preferred to Bernoulli 

beam theory to describe the kinematics of these systems. Here, a purely fabric-

based system is considered and even in this simpler case a number of 

assumptions are needed to simplify an otherwise complex non-linear problem. 

Similarly in the work presented in [203] the behaviour of inflated beams 

composed of thin films is investigated. To the best knowledge of the author, none 

of the proposed models in the literature is considering the case of a multi-
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material system as the one described in this work. Given the use of multiple 

materials in all of the systems presented in this thesis and in light of the fact that 

the main aim of this thesis work is not the development of an accurate 

mechanical model for the proposed system, the author decided to investigate the 

stiffness behaviour using a “black-box” approach rather than a classical 

mechanical characterization based on the Young’s modulus of the materials 

used. A test rig was prepared to evaluate the bending and axial stiffness of the 

prototypes according to different levels of applied pressure in the internal 

chamber. This investigation strove to determine which mesh property had the 

most significant effect on the mechanical behaviour of the system, the aperture 

size or the diameter of the thread used. 

 

In order to pressurise and test the samples, one of the two circular openings in 

the base of the cylinder was sealed using a customized 3D-printed cap. The cap 

was inserted and secured in place with cable ties and silicone glue to guarantee 

Figure 7 – VSL-V1 sample with 3D printed cap embedded for stiffness test (a) and setup for the bending 
and axial stiffness tests at the tip (b): direction of the lateral force �� and of the longitudinal force ��
applied during the tests are marked. 
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that the internal chamber was air-tight. Figure 7 (a) illustrates one of the samples 

ready for testing. After closing the tip with the cap, the open end of the sample 

was attached to a customised 3D-printed test base. A pressure line was embedded 

in the base and connected to a pressure regulator (SMC Pneumatics [204], SMC 

ITV0010-3BS-Q, see Appendix II for the data sheet). This configuration allowed 

for control of the pressure level inside the link. Figure 7 (b) displays the 

experimental setup of the system for a lateral tip stiffness test. Cable ties and 

silicone glue were used on the base side as well to ensure that the only air inlet 

or outlet was via the pressure line. The pressure regulator was controlled by 

LabVIEW software. The level of stiffness of the samples was evaluated at the 

tip, where the displacement generated by an external applied force is maximal. 

Tests were performed pushing an ATI Nano17 Force/Torque sensor (resolution: 

0.0031185147 N, normal force range: ± 17 N) connected to a linear module 

towards the tip as shown in Figure 7 (b), laterally along the x-axis and 

longitudinally at the front of the tip along the z-axis. To measure �', a linear 

slide was rotated counter-clockwise by 90° in comparison with the pose shown 

in Figure 7 (b), so that the linear module with the mounted F/T sensor exerted 

force along the z-axis. Both test scenarios were performed applying four 

different pressure levels: 15 kPa, 30 kPa, 45 kPa and 60 kPa. Each experiment 

started with the ATI Nano17 Force/Torque sensor 0.5 mm away from the 

silicone surface of the sample. The bending stiffness tests consisted of load and 

unload cycles applying the force at 13.5 cm from the base, achieving a deflection 

of 15 mm. For the axial stiffness tests, a smaller displacement of 5 mm was 

achieved, sufficient to show buckling phenomena, which took place for all the 

samples in the displacement range 3.5 mm – 4.5 mm. Each loading and 

unloading cycle was performed five times to compute the variance of the 

measurements. It is important to note that no significant radius or length 

variations occurred after pressurising and depressurising the samples, even after 

tens of cycles, further proving the effectiveness of this design in limiting 

undesirable deformations of the silicone-based system. 
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3.2.4 Stiffness Analysis – Bending Stiffness at the Tip 

For each of the four VSL-V1 samples, the lateral tip test was performed applying 

four different pressure levels. Each loading and unloading cycle was repeated 

five times. The results of these tests are illustrated in Figure 8, with the lateral 

force �' plotted against the deflection displacement �'. Here the average values 

of the five force reading cycles are plotted with the corresponding error bars for 

each pressure level 
 in separate graphs, with numeric values of the standard 

deviations listed in the caption. 

 

As shown in Figure 8 (a), the load-unload curves have an overall linear trend and 

some hysteresis. The measurements show small standard deviation values, 

hence, tight error bars. The maximum force at 15 kPa is 2.09 N. Increasing the 

Figure 8 – Force �' ����  at the link tip against displacement along x-axis �' �����  for samples (a), (b), 
(c) and (d) at 15 kPa, 30 kPa, 45 kPa and 60 kPa. Standard deviation values ordered by increasing pressure 
level: (a) 0.007, 0.006, 0.0144, 0.009; (b) 0.009, 0.008, 0.008, 0.018; (c) 0.018, 0.016, 0.013, 0.016; (d) 
0.041, 0.039, 0.017, 0.036. 
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pressure to 30 kPa, 45 kPa and 60 kPa, the force increases to 2.61 N, 2.85 N and 

3.01 N, respectively. As expected, applying a larger pressure leads to an increase 

in stiffness of the inflated link and, therefore, an increase of the reaction force 

offered by the VSL. Comparing the four graph sets of Figure 8 displaying the 

readings obtained from experiments with different mesh-silicone combinations, 

it can be inferred that the larger the thread diameter and the aperture sizes, the 

stiffer the inflated link. For instance, the mesh used in Figure 8 (a) at 60 kPa 

exerts a lateral force of 3.01 N, whereas the one used in Figure 8 (d) with the 

same pressure can exert more than double the amount of force at 6.55 N with the 

same displacement. The bending stiffness of a beam is defined as its resistance 

against a bending deformation [205]. The bending stiffness can be calculated 

starting from the general definition of the stiffness of a system, typically 

indicated as (, i.e. the resistance of offered to a deformation. This is calculated 

as the ratio between the module of the force � causing the deformation, and the 

system deflection � along the force direction, as seen in the following general 

expression: 

 

(� �
�����
������

 
(1)  

 

Hence, the bending stiffness 	' can be derived considering the force �' applied 

laterally at the tip of the link and the displacement �' of the system in the point 

of application of the force �'. Based on the data collected regarding displacement 

of the tip, the bending stiffness 	' at the tip of the VSL-V1 can be calculated in 

function of the pressure. Hence, the bending stiffness 	' of each sample for each 

pressure level 
 is calculated averaging the ratio between the measured force 

�'���� and the measured displacement �'����� values over the load-unload 

cycle in the range 10 mm – 15 mm, to neglect any nonlinearity in the right 

neighbourhood of the origin, as per the following formula (2):  
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These data are then averaged again over the five cycles to add statistical 

significance to the presented results. The stiffness data are presented in the graph 

of Figure 9. As shown by the collected data, there is a clear linear dependence 

between pressure and stiffness for all the samples and, as expected, the pressure 

level defines the bending stiffness of the system. It is worth noting that the lines 

related to the linear approximations of stiffness data for the four samples have 

almost the same angular coefficient with different offsets from the horizontal 

axis, suggesting that the type of mesh used defines the intrinsic stiffness of the 

sample when the pressure is zero and the relative stiffness increment provided 

by the pressurized air similarly affects all the samples. 

 

To get a better understanding of how the stiffness values here presented compare 

with those of other materials we can compare the proposed cantilever system 

Figure 9 – Bending stiffness 	' [N/mm] against pressure 
 [kPa]) for sample (a) in green, sample (b) in 
red, sample (c) in blue and sample (d) in black. The circles are values calculated as average on the 
load/unload cycles and the continuous lines the linear interpolation of the samples.  



The Variable Stiffness Link (VSL): a Novel Active Structural Element 73 
 

with a rigid elastic cantilever beam of the same geometrical parameters 

composed of a material of known Young’s Modulus E. Hence, we consider a 

beam of the following dimensions: external diameter D� �#���, length 1 �

"#���� and circular section. As well known from classic mechanics, the 

bending stiffness of a cantilever beam laterally loaded at the tip can be expressed 

as: 

 

	' �
�
�'

�
234
15

�
���
����

 (3)  

Where 3 is the Young’s modulus of the material composing the beam, 4 is the 

moment of inertia calculated along the axis of symmetry of the beam on the 

section and 1 is the beam length. For a circular section, in the case of a solid 

beam of homogeneous material, the moment of inertia can be calculated as 

follows: 

 

46789:�;<�& �
=>?

@A
� ���?� 

(4)  

Hence, the bending stiffness BC�DEFGH�IJKL of a cylindrical cantilever beam 

laterally loaded at the tip of a generic material of Young’s modulus 3, with > �

�#���. 1 � "#���� can be expressed as follows: 
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(5)  

It is useful also to compare our system with a hollow beam with the same wall 

thickness of our system, i.e. ����. In this case, the moment of inertia should be 

calculated as follows: 
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(6)  

For the proposed system the internal diameter � � �"���. Hence, the bending 

stiffness BCRSEFFETRIJKL of a cylindrical hollow cantilever beam laterally loaded 

at the tip of a generic material of Young’s modulus 3, with external diameter 

> � �#���, internal diameter � � �"��� and length 1 � "#���� can be 

expressed as follows:  

 

	'�P7887Q�;<�& �
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����

 (7)  

We can consider now some common materials to better understand how the 

stiffness of the proposed VSS compare with traditional rigid elastic beams. The 

results of this evaluation are shown in the table here under and the Young’s 

Modulus have been retrieved from [206]: 

Table 2 - Bending Stiffness of a solid cylindrical beam (Solid case: external diameter > � �#���, length 
1 � "#����. Hollow case: external diameter > � �#���, internal diameter � � �"��� and length 1 �
"#����) laterally loaded at the tip: examples of some common materials.  

Material 3���V��W� 	'�6789:�;<�&���V���  	'�P7887Q�;<�&���V��� 

Rubber 10 0.170442309 0.085583965 
Polyethylene 110 1.874865399 0.941423615 

Polypropylene 1500 25.56634635 12.83759475 
Nylon 2000 34.0884618 17.116793 

 

Comparing the bending stiffness data of the VSL-V1 (see Figure 9) with the data 

in Table 2 , the VSL-V1 exhibits a behaviour comparable to a solid rubber beam 

or to a hollow plastic beam. 
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3.2.5 Stiffness Analysis – Axial Stiffness 

For each of the four VSL-V1 samples, the axial stiffness test was performed at 

the tip, applying the same four pressure levels considered for the evaluation of 

the bending stiffness. Each loading and unloading cycle was repeated five times. 

The results of these tests are shown in Figure 10, with the axial force �X plotted 

against the deflection displacement �X. Here the average values of the five 

force-reading cycles are plotted with the corresponding error bars for each 

pressure level 
 in separate graphs, with numeric values of the standard 

deviations listed in the caption. Comparing the graphs in Figure 9 and Figure 10, 

the forces measured at a displacement of 5 mm for the longitudinal tip stiffness 

tests consistently exceeded the corresponding measurements of the bending 

Figure 10 – Force �X����  at the link tip against displacement along z-axis �X �����  for samples (a), (b), 
(c) and (d) at 15kPa, 30kPa, 45kPa and 60kPa. Standard deviation values ordered by increasing pressure 
level: (a) 0.051, 0.080, 0.089, 0.153; (b) 0.150, 0.136, 0.178, 0.179; (c) 0.133, 0.123, 0.206, 0.536; (d) 
0.095, 0.100, 0.121, 0.255. 
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stiffness tests. For instance, sample (a) at 15 kPa produced a maximum reaction 

force of 2.09 N, if stressed laterally, with a displacement of 15 mm. However, 

the same link sample leads to a peak reaction force of 11.90 N and an associated 

displacement of only 4.2 mm when the force is applied longitudinally (see Figure 

10 [a]). Consequently, the sample behaves similarly to a cantilever beam with a 

circular section. The mechanical properties of this soft robotic link structure 

make the modelling significantly simpler when compared to the typical silicone-

based robot manipulators. Significantly, the peak force values during a load-

unload cycle are reached for the axial tests before the displacement of 5 mm is 

reached. This outcome can also be explained considering the boundary 

conditions of the system (cantilever beam) and the buckling generated by the 

applied compression axial force at the tip after a deformation of 3.5 mm – 4.5 

mm; the beginning of the buckling corresponds to the trend inversion in the 

exerted force. Also in this case, the obtained force readings for the four samples 

display a continuous increase as pressure increases, as indicated in Figure 10. 

 

Figure 11 – Axial stiffness 	X [N/mm] against pressure 
 [kPa]) for sample (a) in green, sample (b) in red, 
sample (c) in blue and sample (d) in black. The circles are values calculated as average on the load/unload 
cycles and the continuous lines the linear interpolation of the samples. 



The Variable Stiffness Link (VSL): a Novel Active Structural Element 77 
 

The samples using meshes with larger threads and aperture sizes exhibit a stiffer 

behaviour. Based on the data collected in terms of displacement of the tip the 

axial stiffness 	X at the tip is calculated as a function of pressure. The axial 

stiffness 	X of each sample, as the bending stiffness, is calculated by averaging 

the ratio between the measured force �X���� and the measured displacement 

�X����� values over the load-unload cycle in the range 3 mm – 5 mm, to neglect 

any nonlinearity in the right neighbourhood of the origin, as seen in the formula 

below (8).  

 

	X)
� �� *
�X)+�
�X)+�

, -���+ � �".�. / . ��. -����X)+� �0 �2.#� (8)  

 

In this case, the data are then averaged over the five cycles to add statistical 

significance to the presented results. The stiffness data are presented in the graph 

in Figure 11. As indicated by the collected data, in the axial case there is also a 

linear dependence between the pressure and the stiffness for all the samples. 

3.2.6 Discussion  

A comparison between the collected data’s peak forces for the four samples is 

presented in Table 3. As displayed in this table, the peak force, hence, the 

stiffness, increases with the thread diameter and with the opening of the cells of 

the mesh. Observing these data and the stiffness data presented in Figure 9 and 

Figure 11, it is clear that the mesh plays a critical role in the stiffness of the link, 

especially at low pressures, enabling the use of the VSL as a structural element. 

The VSL-V1, in terms of applicable pressure, outperformed several purely 

silicone-based ([5] 25 kPa, [61] 28 kPa, [62] 48 kPa) and silicone-based, 

thread-braided  systems ([56] 55 kPa), exhibiting similar performance when 

compared with fibre- or inextensible-layer-reinforced soft-bending actuators 

such as those presented in [207].  
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Table 3 – Comparison of peak force values at different pressure levels for the four samples analysed in the 
bending and axial stiffness test.  Colour gradients show force trends in relation to pressure levels and 
meshes geometrical characteristics. 

Stiffness Test Sample 
Peak Forces [N] 

15 kPa 30 kPa 45 kPa 60 kPa 

B
en

di
ng

 

T
hr

ea
d 

D
ia

m
et

er
  

A
pe

rt
ur

e 
Si

ze
 (a) 2.09 2.61 2.85 3.01 

(b) 2.42 2.73 3.03 3.30 

(c) 4.55 5.00 5.40 5.83 

(d) 5.04 5.71 5.81 6.55 
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ze
 (a) 11.90 15.10 17.90 20.90 

(b) 14.90 19.50 23.70 26.50 

(c) 23.50 27.20 31.50 35.80 

(d) 27.80 31.10 34.70 39.10 

 

The VSL-V1 has pressure and stiffness performance comparable with 

externally-braided systems such as the modular system presented in [60]; 

however, it has a considerably lower weight and inertia thanks to its allowed 

design, being easier and cheaper to fabricate and providing an ample lumen for 

cable routing. Furthermore, the use of plastic meshes rather than threads allows 

for higher stiffness at low or zero pressure. Nonetheless, the maximum 

applicable pressure with this design is still limited. The author successfully 

applied up to 100 kPa to all the samples without any visible deformation 

occurring. However, once this threshold is exceeded, the mesh can no longer 

hold the shape of the link and radial deformations take place. Increasing the 

pressure further led to laceration of the mesh in the first instance and 

subsequently of the silicone. Using a working pressure under this threshold 

allows for stiffness levels sufficient for low-payload applications that use short 

links. Nonetheless, the combination of meshes and silicone allows for the 

creation of new structural elements that are otherwise unachievable. Building on 

this design, the author further investigated ways to improve this system to 

overcome the pressure limitations. The results of this investigation are detailed 

in the next section, where the VSL Version 2 (VSL-V2) is presented.  
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3.3 The VSL Version 2: from Meshes to Fabric  

In order to improve the working pressure range of the VSL, the use of fabric as 

external constrain has been explored. As suggested by the work of Galloway et 

al. presented in [13], the combination of braiding and fabric sleeves in silicone-

based bending actuators allows for higher pressures to be used (up to 400 kPa 

for the presented system). The same idea can be applied to the proposed 

mesh-reinforced structural element presented in this thesis to widen its working 

pressure range.  This section reports on the development of the Version 2 of the 

VSL (VSL-V2) and the analysis of its mechanical behaviour. The design of the 

VSL-V2 builds on the design of the VSL-V1, proposing a number of design and 

fabrication improvements. The stiffness of this new system is extensively 

analysed and a model is proposed. The application of the VSL-V2 in a real 

robotic manipulator is explored in the subsequent section. Some of the results 

presented in this and the following section are also published and have been 

presented in:  A. Stilli, L. Grattarola, H. Feldmann, H.A. Wurdemann, and K. 

Althoefer. “Variable Stiffness Link (VSL): Toward Inherently Safe Robotic 

Manipulators.” in Robotics and Automation, 2017 IEEE International 

Conference on (ICRA), pp. 4971-4976. IEEE, 2017 [208].  

3.3.1 Design and Methodology  

The working principle and design of the VSL-V2 are illustrated in Figure 12. 

The VSL-V2, in respect to the VSL-V1, presents a double layer of silicone (see 

the detail of the section of the wall in Figure 12 [b]) rather than a single one, 

ensuring that the plastic mesh is firmly bonded to the silicone layer. Furthermore, 

the outer fabric layer, being flexible, yet inextensible, significantly reinforces the 

link structure, preventing lateral inflation and structural damage even at high 

pressures. Therefore, higher pressures lead to greater forces and thus greater 

stiffness of the link. At low pressure, the plastic mesh adds structural strength 

and prevents the link from collapsing. As per the VSL-V1, the application of a 

positive pressure to the chamber (as indicated by the double white arrow in 
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Figure 12 [a]) results in the VSL-V2 varying its stiffness as illustrated by the 

light blue arrows indicating the direction of the air pressure force on the lateral 

walls of the cylinder and the red arrows showing the reaction forces of the walls 

of the cylinder. The VSL-V2 also presents an ample lumen to house cables and 

tendons, allowing routing of these elements inside the manipulator body to 

power motors and tools on the end effector. The design proposed here maximises 

the space for cable housing inside the link body, providing a large percentage of 

the link’s external volume. The internal volume Y9 of the link can be expressed 

as function of the external one, Y<, as follows (refer to Figure 12 for �<, �9 and 

�Q): 

 Y9 � Y< O
�9W

�<W
��Y< O

)�< � �Q�W

�<W
 (9)  

 

For �< Z��Q, the ratio �9W �<W[  tends to 1; hence, the internal volume of the link 

tends toward 100% of the external. In the VSL-V2 samples presented here, �< �

2����. �9 � �#���; therefore, a 69.4% of the external volume is available. 

 

Figure 12 – VSL V2 working principle and design: (a) CAD drawings showing a longitudinal section view 
of the VSL illustrating the I/O channel for pressurized air (double headed white arrow), the force 
distribution of the pressurized air inside the internal chamber (azure arrows) and the force distribution of 
the reaction forces of the link walls (red arrows); (b) subfigure shows a magnified longitudinal section, 
highlighting the layers composing the wall link.  
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However, it is important to note that the wall thickness �Q only defines the 

stiffness at low pressures; consequently, �Q can be the same for small or large 

�<, making this percentage significantly higher for larger links. 

3.3.2 Materials and Fabrication  

Based on previous investigations regarding the material choice of the VSL-V1, 

the following components were selected for the VSL-V2: Dragon Skin® 20A 

silicone by Smooth-On Inc. (US), and a polypropylene (PP) plastic mesh 

(400 µm thickness, OBI-Italia) (Figure 13 [a], I) with a diamond-shaped texture.  

 

The multiple stages of the fabrication process are demonstrated in Figure 13. 

Initially, a rectangular sheet of mesh (Figure 13 [a], I) was cut from a larger 

layer. The longer side was 140 mm in length, which was equivalent to the length 

of the link. The height of the sheet was 80 mm that was approximately 10 mm 

longer than the circumference of the cylindrical links. The additional 10 mm of 

material was needed in order to provide a 5-mm overlap between the two long 

sides when the mesh was closed in the shape of a cylinder. This overlap allowed 

for the creation of the soldering needed to form the rectangular mesh into a 

Figure 13 – Fabrication stage of the VSL-V2: subfigure (a) shows how the VSL V2 looks from the outside 
and subfigure (b) shows how the wall section looks like during the assembly process. I is the mesh before 
being formed in the shape of a cylinder, II is the mesh soldered and closed in the shape of cylinder, III is 
the link after the casting of the external silicone layer (III.a) and after casting of the internal layer (III.b) 
and IV is the finished VSL-V2. 
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cylindrical shape. To create a more robust bond between the two edges of the 

mesh, low-temperature sealing is used in place of hand-sewing. The overlap is 

kept to a minimum in order to minimise the thickness increase after sealing, 

keeping the mesh as isomorphic as possible. By using a commercially-available 

heat sealer, a 2-mm width sealing line was produced on the rolled-up rectangular 

mesh, forming the mesh into the shape of a cylinder (see Figure 13 (a), II). In 

the second stage of the fabrication process, the plastic mesh was embedded into 

a layer of silicone. A two-phase moulding process was applied to cast the 

silicone on the mesh into a cylindrical shape.  

 

Figure 14 (a) shows the components of the first mould used to create the external 

silicone layer. The cylindrical mesh (Figure 13 (a), II) was slipped over the 

cylindrical mesh support. The two shells of the mould were then assembled, 

forming a hollow cylinder. Dragon Skin® 20A silicone was mixed, degassed 

and poured in the outer cylindrical mould. The rolled mesh and its support were 

inserted into the assembled shells, which were filled with silicone that filled the 

interstice between the internal and external walls. The entire moulding system 

was composed of several parts in order to ensure a smooth de-moulding process. 

Figure 13 (b), III.a illustrates a section view of the wall of the resulting mesh in 

a cylindrical shape and with an outer layer of silicone. Next, an internal layer of 

Figure 14 – CAD drawings of the moulds to form the external (a) and the external (b) silicone layers of the 
lateral walls of the VSL-V2.  
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silicone was added, utilizing the mould illustrated in Figure 14 (b). Silicone was 

poured into the partially-formed link and the inner mould components were 

inserted from the two sides. This process finally resulted in the mesh being 

embedded between two layers of silicone (see the wall section view in Figure 

13 [b], III.b): the internal layer had a thickness of 1 mm, whereas the external 

thickness was about 1.5 mm. A rectangular sheet of finely-woven nylon fabric 

was cut and machine-sewn into the shape of a cylinder and slipped on the outside 

of the cast link, as indicated in Figure 13 (a), IV. 

3.3.3 Stiffness Analysis – Bending Stiffness  

A test rig analogue to the one presented in Figure 7 for the VSL-V1 was prepared 

to evaluate the bending stiffness of the VSL-V2 prototype according to different 

levels of pressure applied. A wider pressure range was explored because the new 

design of the VSL-V2 was aimed at increasing the working pressure range. With 

this investigation, the author sought to evaluate the effects of the fabric layer 

addition on the overall stiffness system. Furthermore, in order to better 

understand the mechanical behaviour of the proposed soft system and its 

similarities and differences from a rigid cantilever beam, a more extensive 

stiffness analysis was conducted, collecting data for the bending stiffness at 

multiple points that are different distances from the base.  

The bending stiffness tests were performed by applying six different pressure 

levels, 0 kPa (no pressure applied), 30 kPa, 60 kPa, 100 kPa, 150 kPa and 

200 kPa. The no-pressure case was considered to provide data about the intrinsic 

stiffness of the system, which was not considered during the previous analysis 

on the VSL-V1. Each loading and unloading cycle was repeated five times. A 

significantly smaller displacement (2 mm rather than 15 mm) was considered in 

this case, given the considerably higher stiffness exhibited by this system and 

the maximum force safely measurable by the ATI Nano17 Force/Torque sensor 

used.  
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The results of these tests are shown in Figure 15, with the lateral force �' plotted 

against the displacement �' along the x-axis for four different distances from the 

base of the link: 4.187 cm (a), 7 cm (b), 9.812 cm (c) and 12.625 cm (d) , with 

numeric values of the standard deviations listed in the caption. The average 

values of the five force-reading cycles are plotted with the corresponding error 

bars for each pressure level in separate graphs. The same overall linear trend 

reported for the VSL-V1 is observable, as well as the hysteresis. To compare the 

performance of the VSL-V1 and V2 given the same boundary conditions 

(bending stiffness at the tip, cantilever beam), the force data presented in graph 

(d) in Figure 8 for the pressure level 60 kPa for 2 mm of displacement and the 

force data presented in the graph (d) in Figure 15 for the same pressure level and 

Figure 15 – Force �'����  at the link tip against displacement along x-axis �' �����  for the VSL V2 sample
at 4.187 cm (a), 7 cm (b), 9.812 cm (c) and 12.625 cm (d) from the base at 0 kPa, 30 kPa, 60 kPa, 100 kPa, 
150 kPa and 200 kPa. Standard deviation values ordered by increasing pressure level: (a) 0.046, 0.196, 
0.097, 0.095, 0.146, 0.269; (b) 0.034, 0.140, 0.077, 0.124, 0.123, 0.131; (c) 0.040, 0.098, 0.060, 0.086, 
0.083, 0.086; (d) 0.168, 0.243, 0.225, 0.262, 0.277, 0.290. 
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displacement were considered; in the former case this value was �' � �M@N�\, 

while in the latter case it was �' � 2M#@�\. Using this comparison, the effect of 

the fabric sleeve on the stiffness of the VSL became clear. To better quantify this 

effect, the stiffness of the system was calculated for the different pressure levels 

and distances from the base. Based on the force and displacement data, the 

bending stiffness 	' at different distances from the base was calculated in 

relation to the pressure. The stiffness data are presented in the graph of Figure 

16. The bending stiffness 	' for the four distances from the base for each 

pressure level 
 was calculated as described in 3.2.4 by equation (2), averaging 

the ratio between the measured force �' ��\� and the measured displacement 

�'��]]� values over the load-unload cycle and over the five cycles in the range 

1 mm – 2 mm, to neglect any nonlinearity in the right neighbourhood of the 

origin. In this case, there is also a clear linear trend between the stiffness and the 

pressure for all considered distances from the base. 

 

Figure 16 – Bending stiffness 	' [N/mm] against pressure 
 [kPa]) at 4.1876 cm (azure), at 7 cm 
(magenta), at 9.812 cm (yellow) and 12.625 cm (purple) from the base for the VSL V2 sample. The circles 
are values calculated as average on the corresponding load/unload cycles and the continuous lines the 
linear interpolation of the samples. 
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It is worth noting that even when the VSL-V2 is not pressurised, it exhibits a 

stiffness of 1.051 N/mm at 12.625 cm from the base and 2.423 N/mm at 4.187 

cm from the base, making it remarkably stiffer than the VSL-V1. By comparison, 

the bending stiffness of the VSL-V1 sample (d) (which is stiffer and more similar 

to VSL-V2) at 60 kPa at the tip (13.5 cm from the base) is only 0.3143 N/mm, 

illustrating once more how fabric plays a critical role in the bending stiffness of 

the system. This bending stiffness values can also be compared with those 

presented in Table 2 to get a better understanding of the mechanical behaviour 

of the proposed system.  

As discussed in 3.2.4  in the case of a rigid cantilever beam, assuming the beam 

to be homogenous and of constant section along its whole length, given a 

transversal force applied at distance from the base (�^�_<) the bending stiffness 

independently from the force module, can be calculated as follows:  

 

	�)�^�_<� �
234
�^�_<

5  (10)  

 

In this equation, E as the elastic module and I as the moment of inertia of the 

beam along the longitudinal axis are constant. As a result, for rigid beams 

B�)`aKbJ� is inversely proportional to the third power of the distance �^�_< 

between the applied force and the base. Here, the bending stiffness of the 

VSL-V2 using the same boundary (clamped at the base, open at the end see) was 

evaluated. The collected data were analyzed to compare the stiffness model for 

rigid beams with the stiffness model of the VSL-V2. The author purposely 

analysed only small deflections (< 2 mm for a minimum distance of 4.187 cm 

from the base to the measurement point) to make negligible the rotation of the 

system and consider the measured displacement as pure deflection along the 

direction of the applied force. Given the boundary conditions (cantilever beam), 

the bending stiffness can be considered infinite in the base.     
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Consequently, instead of considering the bending stiffness as a function of the 

distance from the base, a function that presents an infinite in zero, the inverse of 

the stiffness, the bending compliance  '�)`aKbJ�, were considered. Therefore, if 

	'�)�� � �c, then  '�)�� � �. The bending stiffness values presented in Figure 

16 are used to calculate the respective bending compliance values. The graphs 

for each pressure level of the compliance  '�)`aKbJ� against the distance from 

the base �^�_< are shown in Figure 17. The  '�)`aKbJ�  value for �^�_< � � is 

considered zero based on the discussed assumptions. It is worth mentioning that 

the behaviour of the system at 
 � ��(
� is significantly less linear than in all 

the other cases considered. The lack of a straightening effect of the pressure 

reduces the elasticity of the system, introducing more plastic non-linear 

behaviours. For this reason, even though the stiffness in the base has been 

considered also here infinite, hence, a zero compliance, the linear interpolation 

line does not fit well the measurements. Thus, a significant offset from the origin 

Figure 17 – Bending compliance [mm/N] along the x-axis versus distance from the manipulator base [mm] 
for the VSL V2 sample when measured at 0 kPa (yellow), 30 kPa (red), 60 kPa (cyan), 100 kPa (green), 
150 kPa (blue) and 200 kPa (black). Bending compliance of the manipulator in the base is assumed to be 
0 during these tests, given the boundary condition of a cantilever beam (clamped base).  
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as clearly visible in the left side of Figure 17. If, on the one hand, the data in 

Figure 16 clearly indicate that the bending stiffness increases with the pressure 

and decreases with the distance from the base, on the other hand the data in 

Figure 17 demonstrate that a linear relation between the distance from the base 

and the compliance of the VSL-V2. Thus, the data show that the bending 

stiffness, being the inverse of the bending compliance, is proportional to 

"V�^�_<, rather than to "V�^�_<
5, as in the case of rigid beams, described by 

equation (10). Also for this reason, despite the similarities between the 

mechanical behavior of the VSL-V2 and a rigid beam, equation (10) cannot be 

used to calculate an equivalent elastic modulus 3 for this system. A discussion 

related to the results presented in this section is presented in section 3.3.5. 

3.3.4 Stiffness Analysis – Axial Stiffness  

The same test rig was used to evaluate the axial stiffness of the VSL-V2.  

 

Figure 18 – Force �X����  at the link tip against displacement along z-axis �X �����  for the VSL V2 sample 
at 0 kPa, 30 kPa, 60 kPa, 100 kPa, 150 kPa and 200 kPa. Standard deviation values ordered by increasing 
pressure level: 0.271, 0.277, 0.289, 0.302, 0.335, 0.349.  






































































































































































































































































































































