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Abstract

Soft robotics has become a thriving field of research, encompassing control theory, material
science, robotics, and fluid dynamics. The aim is to create robots with compliant bodies and
novel capabilities, such as morphologic change, allowing for better adaptability in diverse,
unknown and challenging environments.

Several problems still prevent the widespread adoption of soft robots in the real world,
though, from complex manufacturing, to the challenges in modelling and control. Recently,
concerns have also emerged regarding their resilience and durability. At the material level,
soft robots are prone to wear, degradation, and failures due to environmental factors, more so
than traditional rigid robots made from metal alloys. Their low hardware redundancy and
tight integration of form and function exacerbate these issues. Self-healing materials have
been investigated as a solution, but challenges still stand. Furthermore, a solution that can
bridge the gap between controller driven approaches and material-based ones is yet to be
demonstrated.

This work addresses some of the challenges of soft robotic resilience and presents two
approaches to achieve it, inspired by the concepts of morphological computation and em-
bodied intelligence. First, a software-based framework is applied to a flexible extendable
robotic implant and the compliant morphology of the robot is used to gain information and
achieve fault detection and identification. The second approach, intended for pneumatic
soft robots, uses novel fully soft valves to achieve distributed embodied resilience. These
valves autonomously detect and isolate bursts and offer protection against overpressurisation,
providing a novel, pre-emptive type of resilience, therefore reducing hardware and computa-
tional complexity. As a whole, this work represents the embryo of a new form of resilience
for soft robots, a morphology-informed one based on embodied computation. It enhances
the adaptability of soft-robots and addresses critical limitations of self-healing solutions,
therefore representing an important stepping-stone towards more resilient soft robots.
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Chapter 1

Introduction

1.1 Overview and motivation for the research

In the last twenty years, soft robotics have become an ever growing field of research, span-
ning multiple disciplines: control theory, material science, robotics and fluid dynamics,
just to name a few [1]. Proposed applications range from space exploration to industrial
manipulation, to human robot interaction, to medical devices [2, 3]. The main idea is to
create robots whose body, or parts of it, are compliant, either flexible or fully soft, and
leverage the new capabilities that this enables, including better adaptation in unstructured and
unknown environments and morphological change. Over the years, researchers in the field of
morphological computation have also shown how these capabilities can be used to reduce
controller complexity and computational effort [4]. As a result, one soft robotic manipulator
can grasp delicate objects of many different sizes and shapes, with minimal control-loop
effort and hardware: the compliant fingers naturally curl and adapt to each new shape they
are interacting with. This extreme level of adaptation has prompted research in the usage
of soft robots for extreme and difficult to reach environments such as search and rescue
missions, space exploration and implantable medical technologies [5, 6, 3, 7, 8]. All of these
applications, as diverse as they are, have one thing in common: limited knowledge about the
operating environment. Adaptation therefore becomes an essential resource for success. In
addition to the sheer novelty provided by their compliance, soft robots have been investigated
by material scientists as a platform for testing novel functional materials such as hydrogels
and polymers, in order to merge sensing and actuation into the fabric of the robot body [9, 10].

Together with these new capabilities that soft robots have introduced, a number of
challenges also emerged. Manufacturing usually still involves manual steps performed by
expert researchers. Novel additive manufacturing techniques are being explored in order to
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automate the process and improve overall repeatability, but material selection is still quite
limited and price becomes a factor when dealing with 3D-printers capable of multi-ink
high-precision printing. Control has also posed a number of challenges. If on the one
hand, compliance makes human-robot interaction inherently safe and robot-environment
interaction easier to manage, on the other hand, the high number of degrees of freedom (dof)
of these robots (which can become almost infinite in continuum robots) means that very
complex control strategies have to be devised [2, 11, 12]. Sensor number and placement
also becomes an issue, with researchers usually finding trade-offs between the amount of
sensors/computational complexity and need for information. One solution that has been
proposed in the case of high-dof robots is camera tracking. This, though, is not a viable
alternative in most of the applications previously cited as cameras would have to be placed
in a fixed reference frame, far enough from the robot to be able to capture it in its entirety,
resulting in less compact, partially rigid systems. Other approaches include those that use
fluidic controllers, moving away from traditional software-based control, with the goal of
producing more biologically inspired soft robots.

More recently, resilience has being highlighted as one of the critical aspects that need
solving, before large scale adoption of soft robots can happen [13, 14]. This is for one main
reason: durability. When compared to traditional rigid robots made out of metal alloys,
soft robots are far more prone to failures due to wear, interaction with sharp edges and
general degradation due to environmental factors. These faults can be gradual, or sudden (a
burst in a pneumatic soft robot), but usually translate in a complete or near complete loss of
functionality of the robot. This is due to the tight integration of form and function in soft
robots, that carries with it low hardware redundancy. In the case of pneumatic soft robots,
for example, a small leakage can therefore have catastrophic consequences. Fault-tolerant
approaches, that do not rely on sheer hardware redundancy have been known for decades,
but usually require a detailed model of the system and enough sensory information, both
of which can be unattainable in the case of soft robots due to the high number of dof and
complex hyperelastic material behaviour. Recently, special materials have been discovered,
that show self-healing capabilities: the matrix of the material, if damaged, can, in time,
reform the severed chemical bonds, returning to its pristine form [13, 15, 16]. In the case
of soft robotics, both polymers and hydrogels have been found, displaying this property,
with some of the latter even being biodegradable [17]. As promising as this discovery is,
challenges still stand. In the best scenario, the healing process still requires time, the edges
of the cut have to be kept together for the process to be successful, which might become
impossible if material was removed during the damage. In the case of fluidically actuated
soft robots, which represent the majority of cases, this translates into the need to keep the
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robot powered down while the healing occurs, as the fluid being pumped into the body of the
robot would leak out through the cut, preventing the edges from going back together.

Finding a solution to the problem of soft robotic resilience translates into easier path
to their widespread adoption, with the long-term goal of making robots that, inspired by
biology, can carry out tasks, even when damaged, heal their bodies and, in the end, degrade
and provide resources for other organisms/robots to use.

1.2 Objectives and contributions of the research

Before delving into the contributions of the research contained in this work, it is beneficial to
provide a definition of the term resilience.
The word has a long history. First used in the early 1600s, it generally refers to the capability
of both animate and inanimate objects and system to withstand stress and adversities. In
the case of robotic systems, one can define resilience as the ability of the system to recover
from faults and maintain the prescribed functionality, even if to a lesser degree than the
original, undamaged system. Thanks to its generality, the word encompasses a multitude of
strategies that have successfully been used to impart fault-coping capabilities to robots. As
no mention is made to the recovery mechanism or whether or not the prescribed functionality
is still achieved through the same behaviour and hardware, very different approaches such as
hardware redundancy, software fault-tolerance and material self-healing, can all be grouped
under the same umbrella of techniques for robotic resilience.

The research in this work tries to address the challenges, previously highlighted, regarding
soft robotic resilience. In doing so, it presents two ways of achieving resilience in soft robots.
First, a software-based approach is studied and applied to a hybrid rigid-soft robotic implant.
The device can mechanostimulate tissue for regeneration purposes and elongate, or "grow",
with the tissue. The second approach translates the ethos of work done in software into an
embodied version, through the use of fully soft valves embedded in the body of pneumatic
soft robots. As a whole, the work tries to understand what are the limitation of these types
of resilience, their trade-offs and boundaries, both between themselves and compared to
self-healing approaches.

The contributions of the thesis can therefore be split into two groups. With respect to the
work on the robotic implant presented in Chapter 3, the fault detection and identification
framework that has been developed does not require a precise model of the system and
can therefore adapt to many different architectures. Although only tested with a limited
number of sensors, the approach, based on Canonical Correlation Analysis, should be able
to scale to larger number of sensors with little additional computational load. Probably, the
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most interesting aspect is the ability of the framework to exploit the flexible morphology of
the robot to perform self-tests and acquire additional knowledge on the state of the system
for identification purposes. This is done to overcome disambiguation issues due to lack
of redundancy in sensor information. The second main contribution of this chapter is the
development of a robotic soft tissue simulator to test the resilience of robotic implants.
The platform uses impedance control to simulate both the viscoelastic behaviour of soft
tissue, as well as long-term tissue growth. In doing so, it provides a physiologically relevant
environment for preliminary testing of robotic implants, both rigid and soft, for tissue
mechanostimulation. As such, the simulator can be used for in-depth long-term testing of
devices, before in-vivo implantation, reducing the need for in-animal testing and shortening
the path to clinical trials.
Moving to the embodied soft valve approach, Chapters 4 and 5 focus on a novel way of
achieving local, distributed resilience in pneumatic soft robots. The valves, starting with the
first version presented in Chapter 4, can passively and autonomously detect and isolate faults
in pneumatic soft actuators, in less than 30 ms. No controller intervention is needed, therefore
reducing the need for sensors, additional external hardware, such as valves and tubing, and
lowering modelling and computational complexity. In addition, as the action is in situ, only
the faulty part of the system is isolated, meaning that the rest of the soft robot can still be
actuated. This aspect provides a link to self-healing approaches, as this selective deflation
can provide the minimum prerequisites for the healing to occur, while keeping the remaining
system functional. On top of this achievement, the soft valve presented in Chapter 5 can
also provide protection against overpressurisation, therefore shifting the perspective from
"reactive" to "pre-emptive" resilience. This is possible as the asymmetric internal structure of
the valve triggers two distinct behaviours when inlet and outlet are swapped. This represents
a contribution in itself as soft pneumatic components present in the literature are usually not
reversible, or, when they are, the behaviour is unchanged. In the final sections of Chapter 5,
two of the newly developed soft valves are paired together to create a two-stage soft valve
which represents a fully self-contained unit to endow soft actuators with resilience against
burst. The new soft component, consisting of a main stage and a delay stage, can generate its
own control signal, by self-tuning its operation to the soft actuator it is attached to. Although
at present the valve has only been tested with supply pressures of up to 30kPa, this might
represent a real drop-in solution for soft roboticists, independent of the soft actuators being
used. No external control signal is necessary, meaning that the valve is transparent to any
software or fluidic controller managing the actuators. For the valve to operate correctly, the
delay stage valve autonomously swaps between its two logic behaviours, making this a first
of its kind in soft robotics.
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1.3 Structure of the thesis

Chapter 2 presents the broader literature review on the fields of robotic resilience, self-
healing materials, embodied intelligence, morphological computation and soft-robotics.
Throughout the chapter, high-level connections and research gaps with respect to the topic of
soft robotic resilience are highlighted.

Chapter 3 presents the research conducted on the Flexible Robotic Implant and the robotic
soft tissue simulator. The chapter consists of two publications, each with a more granular lit-
erature review, prefaced by an introduction and a summary of the work. The first publication
focuses on the development of the Robotic Tissue Simulator platform capable of replicating
the viscoelastic behaviour and growth process of soft tissue. The second one presents the
fault detection and isolation framework created for the robotic implant and evaluates its
performance by pairing the implant with the tissue simulator platform.

Chapter 4 introduces the first prototype of the soft valve for passive autonomous fault
isolation in pneumatic soft robots. The chapter starts with an introduction and a summary of
the work. The associated publication then follows, analysing the finite elements analysis and
experimental characterisation of the valve.

Chapter 5 focuses on the second prototype of the soft valve with improved performance and
additional capabilities. After the introductory part, each section deals with a specific aspect
of the valve, from the conceptual development phase, to manufacturing, to the experimental
results and their analysis.

Chapter 6 concludes the thesis and contains a reflection on the overall work included
in the thesis, its interconnections with the state of the art in the field of soft robotics and
possible future developments.

1.4 Publications

1.4.1 Conference publications

1. M. Pontin, S. Miyashita and D. D. Damian, "Development and Characterization of a
Soft Valve for Automatic Fault Isolation in Inflatable Soft Robots," 2022 IEEE 5th
International Conference on Soft Robotics (RoboSoft), Edinburgh, United Kingdom,
2022, pp. 62-67



6 Introduction

Contributions of each author
M. Pontin: came up with the concept and the experiments, manufactured the samples,
designed and assembled the experimental platforms, collected and analysed the data,
prepared the figures, videos and text for the manuscript.
D. D. Damian and S. Miyashita: supervised the work, provided feedback on the
methodology and helped to finalise the manuscript.

1.4.2 Journal publications

1. M. Pontin and D. D. Damian, "A Physical Soft Tissue Growth Simulator for Im-
plantable Robotic Devices," in IEEE Transactions on Medical Robotics and Bionics,
vol. 2, no. 4, pp. 553-556, Nov. 2020

Contributions of each author
M. Pontin: came up with the concept and the experiments, designed and assembled the
experimental platforms, collected and analysed the data, prepared the figures, videos
and text for the manuscript.
D. D. Damian: supervised the work, provided feedback on the methodology and
helped to finalise the manuscript.

2. M. Pontin and D. D. Damian, "Data-Driven and Compliance-Based Fault-Tolerance
for a Flexible and Extendable Robotic Implant Coupled to a Growing Tissue," in IEEE
Robotics and Automation Letters, vol. 8, no. 4, pp. 1943-1950, April 2023

Contributions of each author
M. Pontin: came up with the concept and the experiments, designed and assembled the
experimental platforms, collected and analysed the data, prepared the figures, videos
and text for the manuscript.
D. D. Damian: supervised the work, provided feedback on the methodology and
helped to finalise the manuscript.



Chapter 2

Literature Review

This chapter discusses the state of the art of research in robotics in a number of fields relevant
to the scope of the research. To keep it organised, the discussion is divided into sections,
each analysing a specific group of topics. The four sections are: hard-robots resilience,
self-healing materials, embodied intelligence, robotic implants and soft robotics. The first
section provides an overview of how the problem of robotic resilience has been dealt with at
the software and hardware level in the context of rigid-bodied robots and aims at providing
a ground reference for the capabilities of state-of-the-art resilient machines. The second
section highlights a novel approach to resilience, which stems from the research on material
engineering. The key benefit of the approaches falling in this category is the potential of
achieving resilience in a highly distributed way, without the need for a control system. The
research on embodied intelligence, the focus of the third section, tries to understand how
computational capabilities can be assigned to the physical body of a robot, to simplify the
control logic. As such, it provides a framework for analysing how traditional software-
based fault detection and identification techniques could be extended to soft robots through
embodiment. The fourth and last section presents a collection of works from the fields of
robotic implants and soft robotics to provide an overview of the state of the art and open
challenges in these fields.

2.1 Hard-robots resilience

The idea of machines that are intelligent enough to overcome problems, adapt and keep
working even in the presence of faults, has probably always been with engineers, ever since
the first robot was created. Computers gave the first opportunity to experiment with this
concept and, in the 1950s and 1960s, engineers developed the first machines capable of
detecting their own errors and correcting them [18]. A big leap forward was provided by
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space exploration missions, as satellites and space vehicles represent classic applications
where fault-tolerance is key in guaranteeing the longevity and reliability of the systems
[19, 20].

In 1998, Blanke et al. [21] tried to give a synoptic view of fault-tolerant processes.
Although only limited to software, the discussion leads to an interesting distinction between
fail-safe systems and fault-tolerant ones. In particular, the former are able to withstand
any single point fault without showing decreases in functionality. They usually do this by
exploiting a high level of redundancy in sensing, actuation and processing and are therefore
very expensive. In contrast, fault-tolerant systems use redundancy in information to detect
and identify faults and accept a reduction in functionality after a fault, provided that they
can still reach the predefined goal. Thanks to the ever-increasing computational power, new
approaches have been developed that mix software and hardware reconfiguration, making
the landscape more complex and leading to the problem being called "resilience".

In a review article of 2017, Zhang et al. [22] try to give an holistic view of the situation
as it stands using a system modelling technique called FCBPSS decomposition, or Function-
Context-Behaviour-Principle-State-Structure decomposition. They arrive to the conclusion
that the same problem can be approached and solved using three main strategies. One uses a
change in behaviour of the remaining system to overcome the faults, the second one exploits
reconfiguration of the remaining system, while the third one uses changes in shapes of the
components (e.g. lengthening of a leg). If the first strategy is focused on finding a new,
adapted control law, the second one tries to move one step towards hardware by mixing a new
control scheme with a new hardware architecture. The last one, instead, exploits the shape-
change capabilities of some robots, soft robots among these, to find a solution. Although
the classification they propose is interesting and includes a lot of cases, material level self-
healing still eludes the proposed standard classification. In addition, it is foreseeable that, in
the future, resilient robots will mix all of these strategies together, to maximise their potential.

As previously discussed, software has been the first area of research in the field of
resilience. With the advancements in control theory and increasing popularity of machine
learning approaches, researchers have tried to mimic the natural behaviour of animals [23–
26]. When a fault occurs, the robot performs some tests to understand its new configuration,
compared to the fully functioning one, and then explores the space of possible remaining
behaviours to adopt a new one. Some works have even started implementing evolution
in the search algorithms, to get to better solutions in shorter time scales [27, 28]. These
works also show the possibility of approaching the problem with simplified or even without
mathematical models of the system. This lack of previous knowledge, although tempting
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given its generality, can sometimes lead to longer periods of inactivity between the fault and
the eventual recovery, as the controller is trying to synthesise a new behaviour. That’s why
in [25] a map of possible solutions was generated beforehand, in order to reduce the search
space and speed up the solution process. Nevertheless, this kind of approach still requires a
great amount of time being spent in simulations before the robot is deployed.
A critical limitation emerging in the literature is the fact that the dimensionality of the search
space increases with the number of degrees of freedom, quickly leading to complex and
even intractable problems. Even when this is not the case, the existence of one or more local
minima in the search space can lead to a sub-optimal recovery. Finally, these techniques
tend not to address the faults, but rather to find ways around them, by looking for alternative
behaviours that still allow to satisfy, at least partially, the goal of the system.

A slightly different approach, that could resolve some of the limitations of the "behaviour
change" strategy, is the one based on modularity and reconfiguration. Research on modular
self-reconfiguring robots dates back to the 1980s, with the works by Fukuda, Nakagawa and
Murata [29, 30]. Examples of platforms are the CEBOT, the M-TRAN, M-TRAN II and
M-TRAN III robots, the Odin robot, the soldercubes and many more [31–37]. The robots are
composed of interchangeable homogeneous and heterogeneous modules, arranged in chains
or lattices, that can attach and detach from each other to create various shapes. The goal is to
achieve a form of programmable matter, so that the robot can change its morphology based
on the task. These capabilities could be used to increase the resilience of the system, the idea
being that, if a fault occurs, the broken component can be swapped out for a functioning one.
This development of the technology though has been hindered by computational complexity:
it has been shown that the optimal reconfiguration problem is an NP-complete problem [38],
leading to long periods of time before a solution can be found, if any exists.

In summary, the literature on hard-robots resilience seems to reaffirm the dichotomy of
brain versus body and approaches have either focused on software level behaviour change
or hardware level redundancy and reconfiguration. Although reconfiguration can lead to
the necessity of partial behaviour change, there is still a lot of ground to cover before these
approaches can be brought together. Still, as mentioned, solutions such as material level
self-healing are ignored.

2.2 Self-healing materials

Directly connected to the previous section, self-healing is a research topic that acquired
momentum in the last decade. Inspired by nature, researchers try to find materials that are
capable of restoring the molecular structure after this has been disrupted by an external dis-
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turbance. More generally, the distinction is made between self-healing and self-regeneration
[15, 39], the latter being a capability only found in some biological systems where the entire
living organism is regenerated starting from a portion of it. Although examples of self-healing
exist in all types of materials, from bio-materials and hydrogels [40, 17] to ceramics and
concrete, the discussion here will mainly focus on polymers, as these represent the most
popular choice for soft robots [39, 41].

The healing process itself can be described and analysed in different ways [15, 41]: a
mobile phase that gets activated when the damage occurs and mixes with a non-mobile one;
a two-step process based on a sealing phase and an healing one. In addition, self-healing
polymers use many different chemical principles, from strong covalent bonds to weaker
Diels-Alder bonds, hydrogen bonds and π-π-interactions and can be classified in a number of
different families. Researchers distinguish between intrinsic and extrinsic self-healing, and
autonomic and non-autonomic self-healing [39, 41–43]. In the case of extrinsic self-healing,
the material does not have healing capabilities in itself, and techniques such as micro-capsule
or micro-vascular based self-healing are used [44–47]. Conversely, intrinsic self-healing
materials exploit reversible chemical bonds during the healing process [48, 43, 13].
The distinction between autonomic and non-autonomic healing looks at the trigger of the
healing process. In autonomic self-healing, the damage itself acts as initiator and, as soon as
the material structure is compromised, the healing process begins. Examples can be found
in [48, 44, 45, 49–51]. Non-autonomic self-healing on the other hand requires a modest
external trigger, for example in the form of temperature [13, 43].

Although the healing process can happen in many different ways, the literature seems to
agree on how to evaluate the process itself. The two main features are the number of healing
cycles and the healing efficiency. In both cases, the higher the better. Some mechanisms,
like the micro-capsule based one [44, 45], are only usable once, in the sense that if the crack
occurs again in the same spot, no healing is possible. Others, like the microvascular based
one presented in [46], can reach seven or eight healing cycles. There are then some that show
potentially infinite healing capabilities as those presented in [47, 43, 13, 48].

The second important parameter to be considered is the healing efficiency. It is defined
as:

η =
Phealed

Pvirgin
,

where Pvirgin represents the load at which the original specimen fractures and Phealed is the
load at which the healed one breaks. In the case of a perfect healing process, the efficiency
should therefore tend to one. In reality, despite there being agreement on the theoretical
definition, the way the healing efficiency is computed differs among researchers. Some for
example notch or dent the samples to be sure it always cracks in the same spot [46, 47], while
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others do not [48, 13], the choice being justified by the fact that if the sample cracks in a
different spot, perfect healing was achieved during the previous healing cycle.

One key limitation of most processes presented so far remains the time to healing. This
can vary if the process is influenced by external factors such as temperature, but it usually
last from a several seconds to a full day [43, 13, 48, 46, 47]. In all cases, the recovery is
a continuous process in the sense that mechanical properties are gradually restored. It is
therefore possible to stop the healing cycle sooner, at the cost of a decreased mechanical
performance.

As new materials capable of self-healing are introduced, researchers have started looking
at ways to use them in rapid prototyping scenarios, where the most common manufacturing
techniques, in the case of soft-robotics, are moulding and stereolithography. Roels et al.
[52] recently showed the possibility of 3D-printing a Diels-Alder polymer capable of self-
healing. The printing process required modifications with respect to classic extrusion-based
3D-printing, as these polymers do not melt, even above their glass transition temperature.
Unfortunately, the authors do not give clear details on the resolution achievable with this
revised technology. They also tested their process by manufacturing a soft gripper and
showing that the healing capabilities of the original material are completely recovered by the
printed component 24 hours after printing.

As these materials get more popular, they also find their way to the field of soft-robotics.
Their use in more classic examples can be found in [43, 13] where soft pneumatic actuators
and grippers are developed, starting from sheets of self-healing polymer. Recently, there have
also been studies focusing on self-healing of functionality rather than mechanical integrity, in
particular in the field of stretchable electronics [16, 53]. In [49], Li et al. developed the inkjet
based printing of galinstan, a Ga-In-Sn liquid metal. Using the newly developed printing
process, the authors embedded an electric circuit into a PDMS substrate and showed that,
after being severed, the circuit can still function without any visible loss in conductivity, once
the two halves are brought back in contact. A slightly different approach is that in [50, 54]
where EGaIn, an eutectic gallium-indium based liquid metal, is used. In this case, droplets
of the metal are dispersed in the elastomeric matrix during fabrication. As an oxide film
forms on the surface of each droplet, making them electrically insulated from one another.
Electric circuits can then be created by a mechanical sintering process during which the tip
of a stylus is run on top of the surface. The pressure causes adjacent droplets to coalesce,
creating a continuous conductive path. This circuit can then be used to transfer current for
fault detection purposes [50] or to actuate the matrix through Joule heating [54].

These examples, apart from [50] and very recent works [55], show that the focus, in terms
of applications, is the local level response from the material and there is no real integration
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with the high-level controller, which remains uninformed of the local fault. An example is
the work by Terryn et al. [13], where the damage is inflicted using a scalpel knife and then
the actuator or gripper are put in the oven for the healing cycle to occur. In the entire process,
the controller is not aware of the fault being present and does not adapt to help the healing
process. A similar analysis is valid for [54]. The authors show a very interesting performance
of their joule actuated soft device, which is capable of functioning even after severe damage.
The main limitation is that there is no detection and feedback of that and consequently the
system remains unaware of how close it is to catastrophic failure.

2.3 Embodied-intelligence and morphological computation

In recent years, researchers in the field of robotics have put increasing attention on cognition
and what makes cognition possible. In particular, some say cognition has always been
inextricably linked to the abstract concept of computation and they support this view by
affirming that the body is as important as the mind in the cognitive process [56, 57]. To prove
their point, they refer to instances where it seems that natural evolution led the morphology
of living beings to be somewhat optimised for a specific task. In particular, they cite how
softness plays a key role in helping animals and humans in achieving balance on uneven and
rough surfaces. These observations, further elaborated, have led to the creation of the idea
that the mind outsources computation to the body.

This novel view has sparked debates, specifically on what computation actually means.
Some authors remain critic, stating that morphological computation is just another form of
physical computation [58]. In particular they argue that the concept of outsourcing is actually
hiding the fact that computation is just avoided. Some others try to further distinguish systems
in various classes. For example, Müller et al. [59] define "(1) morphology that facilitates
control, (2) morphology that facilitates perception, and the rare cases of (3) morphological
computation proper". This distinction serves to focus the problem by trying to eliminate the
clear cases of physics driven behaviour and physical computation. An example they propose
is the passive walker, a contraption that can mimic human walking without any active control
taking place.

Despite the debate, the field has produced some interesting results and has linked itself to
the field of soft robotics. Being their body made of soft, stretchable materials, soft robots
represent the best ground for testing the founding hypotheses of morphological computation.
In [60], the authors exploit the selective stiffness of soft-rigid hybrid fingers to obtain a
robotic hand that can exhibit adaptive performance. Hauser et al. [61] try to give a theoretical
framework to morphological computation applied to compliant robots. In particular, they
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create an analogy between the soft body and the artificial neural networks programmed in
computers. The material is modelled as a system of masses interconnected by nonlinear
springs. Exactly as happens in their software counterparts, some points on the surface
represent the inputs to the neural networks, while others are chosen as outputs. The inputs are
mechanically stimulated and the readout from the system is represented by the displacement
of the output points. This analogy has been successfully implemented in [62, 63], where a
soft body tentacle actuator was controlled using only the shape of the robot itself as input.
This example, known as reservoir computing, pushes the analogy a step further by mixing
artificial neural networks and morphology-based computation [64]. The full computational
network consists of an input and output layers implemented in software and the hidden layers
represented by the soft body. Only the weights of the output layer can be tuned, making the
learning process much faster.

The literature on embodied intelligence shines a light on the fact that the body can be more
than just an agglomerate of different materials and indeed can be used to help the controller
in carrying out complex tasks. Despite some interesting results having been achieved in
this respect, it seems that the application to soft robots is still limited. In particular, it is
believed that morphological computation can be one important tool in pursuing the goal of
resilience. In fact, by combining purposeful mechanical design, sensing and interaction with
the environment, one should be able to achieve local level computation and use it to drive
localised resilient responses as well as feed the results back at system-level to gain behaviour
adaptation.

2.4 Soft robotics and robotic implants

The landscape of surgical devices is rapidly changing as more and more robotic tools are
developed and employed. Many solutions have been proposed for actuation and motion
transfer, as well as techniques to miniaturise the end effectors [65, 66]. Despite this increasing
popularity of robotics in surgeries, its use in long term treatments is still very limited. This is
linked to the necessity to meet very strict safety and reliability standards as well as intelligent
control algorithms capable of facing complex and uncertain conditions and of taking the
necessary decisions without threatening the surrounding tissues and organs. Despite these
difficulties, the envisaged benefits of robotic implants are nearly countless. In terms of the
treatment itself, one can list customisation, continuous and more precise control and closed
loop control [67]. By carefully selecting exteroceptive sensors, doctors can monitor in real
time the status of the tissue the implant is operating on and consequently adapt the treatment.
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In addition, if compared to traditional surgical robots, some benefits are reduced hardware
cost and bulkiness [67].

In recent years, with the advent of soft robotics, things have started to change, with
the introduction of devices that can help in treating heart conditions, long-gap oesophageal
atresia, short bowel syndrome, neurological disorders and others [7, 68, 69, 67, 8, 70–73].
In all these applications, compliance plays a key role in achieving the necessary safety in
implant-tissue interaction, with minimised tissue inflammation and foreign body response,
and that is also why soft robotics is now heavily used in the field of biomedical engineering.

Soft robots were first developed in industrial settings to provide better grippers that could
interact with soft or fragile objects or adapt to various shapes. A vast number of polymeric
materials have been used during the years and new ones are constantly being introduced and
studied, some also showing self-healing capabilities [74, 2, 75, 54, 13]. Alongside these, less
standard materials have been developed such as biogels and hydrogels that are biocompatible
and biodegradable [17, 40]. More recently, researchers have started merging mechanical
compliance with advanced functionalities such as conductivity, leading to the development
of stretchable electronic circuits [49, 50, 54, 72, 71]. Another important area of research has
been that of soft sensors. The aim is to provide robots with closed loop control and localised
sensing, while still maintaining their compliance. Examples of sensors range from strain
sensors to pressure sensors, to humidity and temperature sensors [76–78, 17, 54].

In terms of actuation, the approaches have been diverse in nature, based on the type of
material used. The most common choice amongst researchers is pneumatics, but other means
of actuation include hydraulics, electricity, and temperature or Joule-heating based actuation.
Often, the goal is that of mimicking actuators present in biological systems. Artificial muscles
have been extensively investigated and vary widely in technology: McKibben muscles, also
known as artificial pneumatic muscles, are among the oldest; shape memory elastomer based
muscles exploit temperature changes or electrical stimuli to obtain contraction of the matrix;
a similar approach is used in tensile and torsional yarn actuators [79–83, 43, 75]. Gong et
al. [84] even achieved a soft rotary actuator based on peristaltic motion. This diversity in
approaches has led to the development of soft robots capable of outstanding shape-change
abilities (e.g. strains over 100%, shape matching). In [85–88] the authors developed a
completely soft robot that can grow from the tip, like the roots of a plant would do, and
reshape in different coiling configuration as well as retract and change growing path. Yim and
Sitti [89] developed an example of programmable self-assembling soft matter able to switch
between a pre-programmed three dimensional shape and a string of tiny interconnected cubes.
Morin et al. [90] even experimented with camouflage by developing soft devices capable
of changing colour, apparent shape, pattern and luminescence by exploiting microfluidic
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networks embedded in the elastomeric body. The literature on soft grippers provide a vast
number of examples of the capabilities of soft robots in terms of compliance to the outside
environment and deformation capabilities: upon actuation, these grippers deform and adapt
to the shape of the objects they need to grasp [91–93]. Other examples of shape matching
include the work by Jin et al. where kirigami patterns are used to control the deformation and
final shape of pneumatic soft actuators upon inflation [94]. In contrast, sheer softness and
deformability of materials are usually exploited in wearable devices such as the sensorised
patches developed in [17, 95, 96].

With the discovery of new materials and the ever-increasing complexity of designs, there
has been a growing need for novel rapid prototyping techniques to be used in the fabrication
of soft robots. Alongside more traditional methods such as moulding, additive manufacturing,
stereolithography in particular, is the most used technology. Nowadays, researchers have
access to multimaterial 3D-printers, capable of layering soft and bio-inspired materials and
self-healing polymers [97, 52]; this results in faster and more precise fabrication as well as
increased complexity of achievable geometries.

Despite the advances in design, materials and fabrication, soft robotics is still a newer
research area and key challenges remain to be solved. In particular, if on the one hand
compliance is one if not the key advantage of soft robots when compared to traditional
hard ones, on the other hand it leads to very complex problems in terms of modelling and
control [98, 99, 2]. The lack of rigid components has highlighted the profound difficulties
of traditional methods when dealing with highly non-linear systems with infinite or nearly
infinite degrees of freedom [2, 99, 100]. A common approach in the field is to exploit
the recent results in machine learning and artificial intelligence to learn direct and inverse
kinematics by trial and error [100–102, 79]. Despite such methods having been successfully
applied, it is difficult to use them to extract the same amount of information that a traditional
model would provide. Another key challenge to solve is that of accurate sensing. Having
only a very limited number of sensors when compared to the degrees of freedom leads to
overlapping conditions, where the same joint sensory output corresponds to different states
of the robot [100]. In addition, most of the design phase is still linked to previous experience
and a clear and comprehensive design framework is still lacking [99]. Modularity could help
in this respect, even though most of the examples analysed so far heavily depend on the
application and the reuse of the same geometries for different purposes is challenging.

Despite all of these challenges, soft robots have been capable of interesting performances
such as shape change and growth, sometimes leading to novel solutions to known problems,
a clear example being the universal gripper [103]. In recent years they even showed the
possibility of integrating with micro-fluidics, leading to completely soft robots, without
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on-board electronics, substituted by microfluidic controllers [104, 105].
One key challenge that remains to be solved in a comprehensive and pervasive way is that of
resilience. If it is true that compliance makes robot-environment interactions safe, this is only
true for the environment, as soft robots can easily fail when coming in contact with sharp
objects, for example. Although some researchers have started looking at material self-healing
as a possible solution [43, 13, 50, 106], we believe the approach still lacks generality and
potential in the diversification of responses to faults. Moreover, in most cases it still depends
on the intervention of human operators for the healing process to occur [43, 13], which is in
open contrast with the goal of fully autonomous and self-sufficient machines.



Chapter 3

Software-based resilience for a Flexible
Extendable Robotic Implant

This chapter presents the development of a sensor fault detection and identification framework
for an extendable flexible robotic implant and that of a robotic tissue simulator developed
to validate such framework. This work is part of two journal publications. In the following
section, an overview of the work is introduced, followed by a more in-depth analysis of
the contributions and the methodology used for the study. The two papers then follow,
as submitted to the IEEE Transactions on Medical Robotics and Bionics and to the IEEE
Robotics and Automation Letters.

3.1 Summary of the publications

The Flexible Extendable Robotic Implant, or FERI, was developed to treat specific medi-
cal conditions, such as long-gap oesophageal atresia and short bowel syndrome, through
mechanostimulation. Upon implantation and over a period of several weeks, the robot is
meant to gently pull on the soft tissue it is connected to, stimulating cell proliferation and
overall tissue growth. After the tissue has lengthened the desired amount, the implant is
removed through a second surgery.

The lengthening of tissue over time means that the implant must be capable of extending,
or "growing" with the tissue, in order to maintain the effectiveness of the treatment. In
addition, previous studies have found that fully rigid implants can cause tissue scarring and
fibrosis and it is generally accepted that these conditions can be reduced by matching the
stiffness of the implant to that of the surrounding tissue.
As visible in Fig. 3.1A, the FERI achieves this with its flexible rack, which grants bending
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Fig. 3.1 Details of the FERI and the robotic tissue simulator (A) The Flexible Extendable
Robotic Implant (FERI) and its main components. Two mirrored unites are connected
together through a flexible rack. Special attachment rings allow the robotic implant to be
sutured to tubular soft tissue. (B) The FERI connected to the robotic tissue simulator. A
load cell measures the force being exerted by the robotic implant and feeds it back to the
controller of the tissue simulator which in turn controls the motion of the moving plate.

capabilities as well as some torsional flexibility. The device consists of two mirrored units,
each composed of a U-shaped rail, an attachment ring, a DC-motor with magnetic encoder
and a worm screw. A force sensor is placed between the attachment ring and the rail, to
feed back the force that the device is exerting on the tissue. The coupling between the worm
screw and the rack gives the FERI the capability of extending up to a maximum of 80 mm.
In addition, a flex sensor is attached to the back of the flexible rack and allows the bending
angle of the rack to be measured. Upon implantation, the robot is connected to the soft tissue
by suturing the attachment rings to it. It then proceeds to extend, tensioning the tissue, until
the target reaction force is reached. This process is called mechanostimulation and is meant
to stimulate tissue growth through faster cell proliferation. One of the key advantages of
the FERI compared to previous non-robotic treatments, is the possibility of having precise
real-time measurements of the force in situ, as well as the capability of tuning the treatment
based on the readings coming from the sensors. As the tissue grows, the robot extends to
maintain the correct pulling force on it, encouraging further cell multiplication.

One of the key requirements for such medium/long-term robotic implants to be adopted
is resilience: for any hardware fault that makes the device unresponsive or, worse, dangerous,
surgery is needed to replace the faulty device with a new one. This in turn translates into
higher risk and discomfort for the patients. As presented in the literature review section of
this manuscript, an array of software-based techniques have been investigated in the past, as a
way of endowing robots with resilience. Although varied, these can be generally categorised
into model-driven and data-driven. As the name suggests, the first ones require a more or
less accurate model of the robotic device, that is then used to detect and identify possible
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faults in sensors and actuators. Approaches that do not require a model fall in the second
group. In this case, a large amount of data is collected from the robot during a training stage,
while no fault is present. This data is then compared with sensory output when the robot is
deployed and, if a large enough discrepancy is found, a fault is detected and then identified
through different algorithms. In the case of this study, a data-driven approach was selected
due to the lack of information about the behaviour of biological soft tissues, which constitute
a surrounding environment for the implants, their changing viscoelasticity and growth. The
dynamic interaction between tissue and robot is made even more difficult by the compliant
nature of the body of the FERI. Experimental validation would require in-vivo implantation
in animals, which cannot be considered a viable solution in the initial phases due to cost and
animal welfare.

Any fault-detection and identification framework has to be able to take into account the
effect of the growth of the soft tissue, which produces a gradual lengthening of the FERI
itself. In order to be able to perform extensive characterisation of the implant performance, a
robotic tissue simulator was developed first. Fig. 3.1B shows some of its key components.
The robotic implant is placed between a fixed plate and a moving one. A load cell can sense
the force that the robot is exerting and it feeds it back to the simulator controller, which in
turn uses an impedance control algorithm to move the moving plate according to the desired
viscoelastic model and parameters. These can be easily changed, in real time, to simulate
changes in the behaviour of the soft tissue, such as increased stiffness due to fibrosis. In
addition to replicating the viscoelastic behaviour of soft tissue, the simulator can, in principle,
be used to replicate the growth of the tissue, by gradually moving the two plates further apart.
Due to the limited amount of information available in the literature, in this study, a linear
relationship between applied force and growth rate was used. The growth rate factor was
chosen solely based on the requirements of achieving the full FERI extension over a period
of 24 hours.

With the tissue simulator ready, a fault detection and isolation framework for the FERI
was finally developed and tested. The framework only deals with sensor faults and can only
cope with single point failures, meaning that only one sensor can become faulty at any given
instant. The method is a data-driven one, based on Canonical Correlation Analysis (CCA)
between the sensor readings, and can take into account tissue growth over time. In this
approach, the readings from one or more sensors are used to predict the readings of a target
sensor. If the residual between the prediction and the true value coming from the sensor
surpasses a set threshold, a possible fault is detected. The identification step poses some
additional challenges due to the limited number of sensors that are present. In the case of the
force sensors, the identification is straightforward, as each sensor reading can be predicted in
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two ways: using the other force sensor readings and using a combination of encoders and flex
sensors readings. For the encoders and flex sensor, it is not possible to directly disambiguate
which of the two is faulty by just applying the residual generation and comparison steps.
Both predictions of the flex reading made using the force sensors and encoders feedback
generate residuals over the threshold, but there is no way of knowing if this is due to an
abnormal value of the encoders, or of the flex sensor. To overcome this problem, which
originates from a lack of redundancy of sensory information about the length and the bending
angle of the robot, an active identification strategy was devised. In this process, the robot
actively gains information about its own state through a partial retraction and re-elongation.
These transient forces all signals to vary in a controlled way: all signals should decrease
in value during the retraction and increase again during the re-elongation. Throughout the
process, two correlation coefficients are computed: the one between the flex sensor and one
of the force sensors and the one between the encoders and the same force sensor. At the
end of the active identification process, If the sensor is working, its correlation coefficient
with the force sensor is close to 1.0, while it becomes low, or even negative, when the sensor
is faulty. Thanks to this added information, the disambiguation between flex sensor and
encoders faults can be achieved without the need for additional sensors.

The contributions of this chapter can be subdivided between the two platforms. First,
looking at the robotic tissue simulator, the device demonstrates a flexible way of simulating
viscoelastic properties of soft tissue and tissue growth. In doing so, it represents a first of its
kind attempt at developing a physical simulator for tissue regeneration robotic implants. In
the case of the FERI, the main contribution is a data-driven approach at making a resilient
robotic implant, through the development of a fault detection and identification framework
that can exploit the flexible morphology of the robot to couple sensor signals and actively
gain knowledge on the state of the system in case of a fault. In addition, the framework
doesn’t require steady-state conditions to be achieved. Finally, the two platforms together
demonstrate an attempt to fully test a resilient robotic implant in a physiologically relevant
environment, as a future viable alternative to in-vivo experiments in animals.
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A physical soft tissue growth simulator
for implantable robotic devices

Marco Pontin and Dana D. Damian

Abstract—In the development of surgical technologies,
one of the challenges in their initial validation has been
the creation of accurate bench-top tissue phantoms. Tissue
phantoms made of elastomeric material have fixed me-
chanical properties and are not able to increase in size, so
they cannot mimic growth process or change in mechanical
properties of their real counterparts. In this work we
present a novel real-time soft tissue simulator aimed at
testing the in vivo dynamic behavior of robotic implants.
The simulator is capable of reproducing mechanical prop-
erties of the biological tissue, e.g. viscoelasticity, as well
as its metabolism, being able to grow up to 260 mm. A
control strategy based on impedance control enables the
simulation of changing mechanical properties in real-time,
in order to recreate conditions such as fibrosis or tissue
scarring. We finally show the platform in use with a soft
implant. The electric actuation in conjunction with the 500
Hz control loop frequency guarantees fast and accurate
response. We believe our platform has the potential to
reduce the need for in vivo preclinical studies and shorten
the path to clinical experimentation.

Index Terms—Internal robots, Physical soft tissue sim-
ulator, Robotic implant, Tissue growth simulator

I. INTRODUCTION

In the development of surgical technologies, one
of the challenges in their initial validation has been
the creation of accurate bench-top tissue phantoms
[1], [2]. In vivo testing in animals still plays a key
role in understanding the interaction between im-
plants and the tissue they are operating on. Although
these tests will remain an important step towards
human implantation, reducing the need for these
types of validation experiments should be a priority
for researchers. A possible solution could be the
development of bench-top soft tissue simulators that
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mimic the behavior of various soft tissues, making it
possible to fully test the dynamic performance of the
implants before in vivo experimentation. In the case
of regenerative robotic implants (RI) that grow soft
tissues as a result of mechanical stimulation [3]–
[5], the tissue phantom should not only simulate
the mechanical properties, but also simulate the
metabolism of the tissue, e.g., its growth. This is
of the utmost importance to fully test the safety and
operation performance of such robots before in vivo
implantation.
Soft tissue has been modeled using a number of
approaches, ranging from simple linear elastic mod-
els to more complex and accurate viscoelastic ones
[6]–[8]. In [9] the authors model the multi-layer
esophageal soft tissue using Mooney-Rivlin, Ogden,
and Neo Hookean models and then compare the
three in terms of accuracy. Nekouzadeh et al. [10]
propose an adaptive quasi-linear viscoelastic (QLV)
model to simplify experimental tuning of the pa-
rameters and then test it by predicting the behavior
of pure reconstituted collagen. In [11] the authors
use a modified Voigt model to better describe the
behavior of soft tissue at high frequencies.
Usual applications for these models are medical

training, haptics, or for the automation and control
of novel surgical tools [12], [13]. Computer based
simulation is another possible use case, where the
model is used in robotic surgical devices to provide
feedback during surgical training. In [14], a model
for esophageal tissue based on QLV is proposed
and the parameters are tuned using samples of
porcine esophagi. Ortiz and Lagos [15] develop a
modified Kelvin model of viscoelasticity to be used
in real-time surgical simulations. The same goal
is pursued in [16], where the authors prefer an
approach based on neural networks: both isotropic
and anisotropic materials can be modelled and the
resulting architecture is implemented in a physical
haptic feedback device. Similarly targeting real-time
simulation of soft tissues, Bao et al. [2] propose
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Fig. 1. The soft tissue simulator platform. The platform is used to
validate robotic implants for tubular tissue growth.

an hybrid model based on a multilayer structure
of spheres interconnected using a three-parameter
viscoelastic model. The resulting architecture is then
tested against a porcine liver specimen. While these
works offer useful insights for modelling biological
soft tissues, they mainly entail simulation and do
not address tissue growth.

The aim of this work is to develop the prototype
of a robotic platform, shown in Fig.1, that simulates
both the mechanical properties of the tissue, as well
as its growth.
In previous works from our lab, we developed
robotic implants that grow tubular organs, such
as the esophagus or the intestine, by applying
mechanostimulation [3], [5], [17], [18]. Both im-
plants, when interacting with the organs, need to
adapt the treatment based on the changing status of
the tissue, which could show inflammation, scarring
or fibrosis. The development process of the physical
soft tissue simulator was therefore guided by two
main requirements: flexibility in the types of tissue
models that can be implemented and the ability to
change model parameters in real-time. Such capa-
bilities will be highly relevant in testing the robotic
implants’ dynamic operation as expected in vivo.
An approach resembling that of impedance control
was therefore used to achieve these requirements
and provide fully tunable performance. Another

Fig. 2. Detail of the Flexible Robotic Implant (FRI) connected to
the tissue simulator.

important design goal was to have a large enough
growth simulation potential so that the platform
could be used to test applications such as long-gap
esophageal atresia, where the tissue is expected to
grow up to 100 mm during the treatment.

II. MATERIALS AND METHODS

A. Physical Simulator

The platform simulates the viscoelastic properties
of soft tissue, as well as its growth. It consists
of a moving plate and a fixed one (Fig.1). The
distance between these two plates represents the
platform’s capacity for growth simulation and, as
displayed in Fig.1, this can reach 260 mm. A
robotic device, able to extend itself (e.g. the FRI
of Fig.2), is to be connected between the two plates
and trigger the lengthening/shortening of the tissue
phantom by applying forces. Two NEMA-23 stepper
motors (57STH56, Phidgets), controlled by drivers
(TB6600, TopDirect), move the top plate via a lead
screw mechanism; meanwhile the force that the
robotic implant is exerting is measured by a force
sensor placed between the robot attachment and the
same plate. The displacement is directly computed
counting the motor’s steps.

B. Controller

Controllers implemented in software dictate the
behavior of the moving platform based on the in-
teraction with the robotic implant. The viscoelastic
controller designed for this application is shown in
Fig.3a and was digitally implemented on an Arduino
Nano microcontroller. In the block diagram, the
transfer function Gtissue(z) = ∆x

F
represents the
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(b) Mechanical equivalents of the Voigt and the Zener models.

model of the soft tissue and is used with the mea-
sured force to compute the appropriate displacement
solely due to viscoelasticity. The force is also used
in conjunction with the function Ggrowth(z) = x

F
to calculate the growth rate of the tissue. These
two contributions, the one caused by the viscoelastic
response of the tissue and that due to the growth, are
then added together to generate the reference signal
for the moving plate. A PID compensator finally
serves as the position controller for the system.
To test the flexibility of the platform, Gtissue was
first considered to be that of the Voigt model (Eq.1),
whose mechanical equivalent is a spring and a
dashpot in parallel as in Fig.3b; a second model, the
Zener one (Eq.2) and Fig.3b, was then implemented.
Meanwhile, Ggrowth was a simple linear function of
the force applied by the robotic device.

F = kx+ βẋ (1)

F +
β

k2
Ḟ = k1x+

β (k1 + k2)

k2
ẋ (2)

These two models are widely used in literature as
benchmarks for describing viscoelasticity and have
been also adopted to model the behavior of soft
tissues [6]–[8], [11], [15]. Although being simple
compared to other alternatives, we believe these two
models strike a good balance between accuracy, ease
of implementation, speed of computation and over-
all simplicity in parameter tuning, only requiring the
knowledge of up to three coefficients to describe

the viscoelastic behavior of the tissue. In particular,
the ability to perform the simulation in real-time
is key for this application. Both the PID controller
loop and the tissue model that serves as input to the
controller are updated at a frequency of 500 Hz. This
frequency suffices for the envisaged application, as
high frequency phenomena, over tens of Hertz are
unlikely to occur.

C. Flexible Robotic Implant (FRI)
Before analysing the results, we briefly present

the FRI, as this was used to explore the potential
of the platform to mimic tissue properties while
interacting with a real implant. The FRI uses a
worm gear-rack mechanism to extend/retract with
changing tissue length. The rack is flexible for
mechanical compliance and force sensors transduce
the tension applied to the tissue. During normal
operation, a force controller ensures that the desired
target mechanostimulation is maintained [3], [5]. As
detailed in Fig.2, the FRI is coupled to the plates
of the simulator using custom designed 3D printed
components. The connection is achieved by sliding
the Ecoflex 00-30 cylinders inside the implant’s
attachment rings. Hinges at the top and the bottom
provide the necessary degrees of freedom during
operation.

III. RESULTS

In order to test the performance of the platform,
preliminary experiments were conducted, generating
the force signal directly in the software. Fig.4 shows
the results of a ramp increase in the force input,
from 0 to 2 N, with the growth disabled. The
value of 2 N is consistent with what is realistically
applied to the esophageal tissue during the Foker
technique in the treatment of long-gap esophageal
atresia [4]. One can observe the nonlinear behavior
of the tissue due to Gtissue, mostly in the beginning
and end of the transient phase. Both the Voigt
and the Zener models were used: in the first case,
the stiffness k was equal to 200 N/m, while the
damping factor β was 20 Ns/m; in the second k1
was 200 N/m, k2 was 100 N/m and β was 20 Ns/m.
These values were selected to make visualisation of
the viscoelatic behavior easier. The test also shows
that the PID controller is capable of following the
desired reference signal with no overshoots. Fig.5
shows the results of a test where the growth was

3.2 Publications 25



4

0

5

10

xref  Voigt

xmeasured
xref

xmeasured

0

Time (s)

0

1

2

F
o

rc
e

 (
N

)

2 4

0

Time (s)

2 4

D
is

p
la

ce
m

e
n

t 
(m

m
)

 Voigt

Zener

Zener

Fig. 4. Comparison between Voigt and Zener models with growth
disabled and a ramp increase in the force input. (Top) Force input.
(Bottom) Output target and measured displacements, using both the
Voigt and the Zener models.

enabled and equal to 0.35 mm/s and the simulated
stiffness changed in a ramp from 200 N/m to 300
N/m in 2 s, from t = 8 s to t = 10 s. The
viscoelastic model used for this test was the Voigt
one. A similar experiment was then performed, but
in this case the growth was enabled within the entire
range, from 0 to 260 mm (Fig.6). Also, two tissue
stiffness changes were simulated, one at t = 2.6 min
and the second at t = 5.3 min, with each transient
lasting 1 min. The stiffness varied from 200 N/m to
400 N/m and finally to 600 N/m. The Voigt model
was used to simulate viscoelasticity. The ability
to change the model in real-time means one can
also simulate different conditions of the tissue, like
scarring and fibrosis. This could be important in
testing customized reaction strategies by the robotic
implant, designed to prevent excessive strain on the
tissue.

A second part of the experiments was devoted to
a more realistic case study, with a robotic implant
interacting with the simulator. The robotic device
we used is the FRI. Fig.7 shows some preliminary
results. The target force of the FRI, visible in the
top chart of the figure, has a sudden drop from 0.45
N to 0.15 N. Consequently, the FRI starts retracting
and the signals corresponding to the output of the
force sensors and the force sensed by the load cell
of the tissue simulator drop to the new value as
well. The bottom chart shows the retraction of the
platform, as a result of the decreased tension on
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the tissue phantom, according to a Voigt model
with k = 200 N/m and β = 80 Ns/m. The
results demonstrate good agreement between the
various signals. Moreover, we can conclude that the
dynamic performance of the platform is in line with
that required for the application.

DISCUSSION AND CONCLUSION

In this work we presented a physical soft tissue
growth simulator. The envisaged application is in
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conjunction with robotic implants in order to test
their capabilities in a dynamic physical environment
that can simulate dynamic changes in metabolism,
e.g., tissue growth, and physiology, e.g. tissue fibro-
sis, relaxation. The approach is flexible, enabling
different viscoelastic models to be simulated, as
shown in the results section of the paper. The
architecture makes it also possible to introduce real-
time changes in the parameters, in order to simulate
variations in the characteristics of the tissue itself
such as increased stiffness. Although the biological
tissue growth rates are lower, the values in this study
were used to visualize the simulator’s operation; the
same holds true for the parameters k and β.
The physical platform could find broader appli-
cations in tissue engineering, control engineering
and computer science as it enables the real-time
simulation of viscoelastic tissue behaviors. Future
developments include the use of the simulator in
conjunction with the FRI to further study its fault-
tolerant control strategy [3] and with soft implants
[17], [18] to characterize their dynamic behavior.
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Data-Driven and Compliance-Based Fault-Tolerance
for a Flexible and Extendable Robotic Implant

Coupled to a Growing Tissue
Marco Pontin1 and Dana D. Damian1,2

Abstract—Robotic implants for real-time and long-term
monitoring and therapies are being researched and could
open new frontiers in the medical field. For these devices
to see widespread adoption, though, key challenges still
need to be overcome, including reliability. Over the years,
many computational techniques have been developed to
impart fault-tolerance to robots and industrial plants.
However, the application of these approaches to robotic
implants is still challenging, due to the lack of information
about the complex behavior of soft tissue (e.g. growth,
viscoelasticity) and robot-tissue interaction. In this paper,
a novel fault detection framework for a flexible extendable
robotic implant is presented. Based on Canonical Corre-
lation Analysis, the approach exploits the flexibility of the
robot to extrapolate information for fault identification
purposes. The experiments are conducted with a soft tissue
simulator, which can emulate the viscoelastic properties of
tissue as well as its growth, providing a realistic testing
platform. The experiments prove the reliability of the
flexible extendable robotic implant and its robustness to
system-level external disturbances. Long-term tests are
also presented, where the implant extends 80 mm, to its
full length, counteracting simulated hardware faults over
a 24-hour period, and provide a promising basis for future
in-vivo trials.
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I. INTRODUCTION

Over the last decade, robotic devices have be-
come increasingly present in the medical field [1].
From teleoperated surgical robots to novel endo-
scopes, these systems are augmenting the capabil-
ities of surgeons and enabling minimally invasive
surgical procedures to benefit patients. The next
frontier of medical technologies is represented by
fully autonomous robots, that can navigate inside the
human body, to the desired location, and perform
a variety of tasks, potentially reducing surgical
trauma and improving therapies beyond the surgical
theater. Ingestible robots, guided by magnetic fields,
are being researched to replace traditional surgical
tools, endoscopes and drug delivery devices [2], [3],
[4], [5]. Among these, origami micro-robots exploit
folding and unfolding to adapt their capabilities
through changes in body morphology, using smart
materials and composites [6], [7], [8], [9], [10].
Implantable devices are being developed to carry out
longer procedures over periods of weeks or months.
Roche et al. presented a pneumatic soft heart sleeve
to provide ventricular assistance [11], while our
group previously researched an implantable robot
that grows tissue to treat long-gap esophageal atresia
and similar rare conditions [12]. Towards the same
goal, in [13] and [14], pneumatic soft robots were
developed.

Key obstacles to the widespread adoption of these
robots still stand. Among these, concerns about
their reliability need to be addressed, especially for
implantable devices used for long-term therapies.
Robots need to be resilient, so that their capabilities
are not fully impaired by simple faults in one sensor
or actuator. In terms of materials, new self-healing
polymers have recently been discovered and used to
develop resilient soft robots [15], [16], [17], [18].
On the software side, a significant amount of work
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has already been done on fault detection and isola-
tion techniques for industrial plants and robots, to
develop fault-tolerant control strategies. Next to tra-
ditional model-based approaches, data driven ones
have been investigated, that do not require precise
models of the systems [19], [20], [21], [22]. More
recently, with the advent of artificial intelligence,
researchers have also experimented with machine-
learning techniques for further improvement [23],
[24].

In soft and flexible robotic implants for tissue
growth, the adoption of such techniques is chal-
lenged by the lack of information about the be-
havior of biological soft tissues, which constitute a
surrounding environment for the implants. Studying
the dynamic interaction between tissue and robot
is made even more difficult by the fact that these
devices have bodies capable of morphology changes
(e.g. extension, bending). In addition, experimental
validation requires in-vivo implantation in animals,
especially for tissue growth and regeneration robots,
but this cannot be considered a viable solution in the
long term due to cost and animal welfare.

This paper focuses on a Flexible and Extend-
able Robotic Implant (FERI) developed for multi-
week tissue growth therapies by mechanostimula-
tion (tissue tensioning), within the gastrointestinal
tract [25], [26], [27]. The main contribution is the
development of a fault detection and identification
framework for the FERI, robust to system-level
external disturbances and unaffected by the physical
elongation of the robot and simultaneous growth of
the tissue over time. The technique exploits the flex-
ible nature of the FERI, which couples all sensors’
signals together, and displays how softness and flex-
ibility can be harnessed to extract information for
fault detection purposes. A further contribution is
the use of a robotic soft tissue simulator (STS) plat-
form [28] to fully test the proposed framework. This
serves both as a way to provide a comprehensive
controlled environment to carry out experiments on
the FERI, as well as a viable alternative to in-vivo
testing to reduce animal use.

II. FAULT DETECTION FRAMEWORK

The goal of this work is to develop a general
fault detection and isolation technique for the FERI,
one that can cope with its flexion and extension
capability, and corresponding tissue growth, and be

expanded in the future if more sensors are added to
the system. In addition, the data-driven approach
of the CCA technique used in this study makes
transferring the method to other implantable robotic
devices simpler.

A. The Flexible Extendable Robotic Implant in de-
tails

The FERI, shown in Fig. 1(a), consists of two
identical and mirrored units connected by a flex-
ible PolyLactic Acid (PLA) rack, onto which a
flex sensor (Spectra Symbol FS-L-095-103-ST) is
attached. Each unit is composed of a 3D-printed
Acrylonitrile-Butadiene-Styrene (ABS) rail, a DC
motor (Pololu Micro Metal Gearmotor 298:1 HPCB
12V dual-shaft) with magnetic encoder (Pololu
12CPR Magnetic Encoder Kit), a 3D-printed ABS
worm gear connected to the motor, an ABS attach-
ment ring, also 3D-printed, that is used to connect
the robot to the soft tissue, and a force sensor
(Honeywell FSS1500NSR) to measure the tension
applied to the tissue. The FERI soft encapsulation,
consisting of a biocompatible sleeve, is ignored in
this study.
When the robot is active and attached to a tissue, the
worm gear transfers its motion to the rail through
the rack, causing the implant to extend or retract,
therefore increasing or relaxing the tension applied
to the tissue, which has been shown to lead to tissue
growth [12]. The overall elongation potential for
the robot is 80 mm. A closed loop control is used
to keep the target force equal to an optimal value
and reject external disturbances while tensioning the
tissue. Fig. 1(b) shows the FERI connected to the
plates of the robotic STS, described in section III-A.

B. Sensor output models
A fault detection and identification framework

for the FERI was developed and presented in [26].
This was based on comparing the Pearson corre-
lation coefficients between readings from pairs of
sensors and could reliably detect sensor faults when
tested with a silicone tissue phantom. The phantom
was capable of replicating viscoelastic properties,
but could not achieve growth like a live tissue.
When tissue growth is taken into account, however,
this method could lead to false positives. As the
esophageal tissue grows, the FERI extends with it
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Fig. 1. The Flexible Extendable Robotic Implant. (a) Detailed view
of the robot and all its components. (b) Degrees of freedom of the
FERI system and forces acting on it. (c) Detailed view of the FERI
connected to the plates of the robotic STS. The soft attachments are
important to simulate the in-vivo coupling and degrees of freedom.
In the photo the FERI is bending from the force it applies to the two
plates.

and the length of the rack subject to bending stresses
increases. As a result, even when the force being
applied to the esophageal stub is constant, the rack
deformation increases. The consequent increase in
the flex sensor output leads to a drop in the correla-
tion coefficient between this and the force sensors.
Computing the correlation coefficient over a fixed
time frame T , using a sliding window approach,

is not a solution either. The correlation coefficient
relies on the data having definite trends, but the
FERI operates in steady state for most of the time.
A more general detection and identification strategy
is therefore needed, one which takes into account
the growth process.

The fault detection algorithm presented here
is derived from a Canonical Correlation Analysis
(CCA) based method [29], [30], [31]. We assumed
all sensors’ output can be described by

yi = kiui + ϵi ,

where yi is the output from sensor i, ui is the
corresponding physical input and ϵi is the measure-
ment noise. We also made the following standard
assumption on the noise:

ϵi ∼ N (0, s2i ) ,

which is to say that the noise is normally distributed
with zero mean and constant variance s2i .
Let us first consider the two force sensors. Being
connected to the same flexible rack, these should
measure the same force, minus a constant offset due
to gravity and manufacturing tolerances. One can
therefore write a simple linear relationship between
the two:

F̂1 = aF2 + b . (1)

F̂1 represents the predicted value of sensor F1 using
the data collected from sensor F2. The coefficients
a and b are to be computed through a least square
approach, using experimental data. At this stage, the
variance σ2 between the data and the model is also
calculated. A similar approach can be used for the
relation between the encoders and the flex sensor.
Analysing the FERI, one can think of the flex sensor
output θ as a function of the length of the robot and
the force applied to the tissue. Therefore:

θ̂i = f (x, Fi) i = 1, 2 ,

where only a generic encoder term x is considered,
representing the sum of the two encoder outputs,
hence the total elongation of the rack. θ̂1 is the
predicted flex sensor output based on the readings
from F1, while θ̂2 is based on the readings from F2.
Here, the function f assumes the form:

f (x, Fi) = c1x+ c2Fi + c3 , (2)

to represent a linear relationship between force and
length and bending angle of the rack. The coef-
ficients and the variance between model and data
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are computed as previously described. The detailed
experimental procedure for the data acquisition and
the results of the calibration procedure are described
in section III.

C. Fault detection and identification process
While in operation, the FERI is performing force

control, to achieve the desired tensioning of the soft
tissue. In parallel, at each time step, the sensors are
sampled and residuals are computed by comparing
the current sensors’ outputs with their predicted
values:

eF1,F2 = F1 − (aF2 + b) (3)

ex,F1,θ = θ − (c1x+ c2F1 + c3) (4a)

ex,F2,θ = θ − (c1x+ c2F2 + c3) . (4b)

The fault detection relies on a T 2-test on these
residuals. For each ei, the algorithm computes the
statistic

Ji =
e2i
σ2
i

,

where σ2
i is the variance computed at the training

stage as detailed before. A fault is detected if
Ji > J th

i , where J th
i is an appropriate threshold

value, which can be determined in a number of ways
[29], [30], [31]. In this study, the Fisher–Snedecor
distribution F was used [29]:

J th
i =

p (N2 − 1)

N (N − p)
F (p,N − p, α) . (5)

Where p is the number of variables used for the
prediction, N is the number of data points used for
the training and α ∈ [0, 1] is the significance level.
This last parameter plays an important role in the
fault detection process. A high value of α increases
the threshold value, meaning the algorithm is less
prone to detecting false positives. At the same time,
a higher residual ei is needed to trigger the detec-
tion, which in turn delays the recognition of real
faults in the sensors. When a fault is detected, the
FERI proceeds to the isolation step. In the case of
the two force sensors, the process is straightforward.
When JF1,F2 > J th

F1,F2
the FERI checks Jx,F1,θ and

Jx,F2,θ. If the first is greater than the threshold J th
x,F,θ,

then F1 is deemed faulty, else if Jx,F2,θ surpasses the
threshold, then F2 is considered faulty.
In the case of the flex sensor and the encoders,
it is not possible to disambiguate solely based on

TABLE I
SUMMARY OF FAULT DETECTION AND IDENTIFICATION

CONDITIONS

Sensor Condition

F1 JF1,F2 > Jth
F1,F2

, Jx,F1,θ > Jth
x,F,θ

F2 JF1,F2 > Jth
F1,F2

, Jx,F2,θ > Jth
x,F,θ

θ Jx,F1,θ > Jth
x,F,θ , Jx,F2,θ > Jth

x,F,θ , ρF,θ < ρF,x

x Jx,F1,θ > Jth
x,F,θ , Jx,F2,θ > Jth

x,F,θ , ρF,x < ρF,θ

the information coming from the T 2-test. This is
because a value of Jx,Fi,θ above threshold could be
caused either by an abnormal value of the encoder or
flex sensor. No additional insights come from JF1,F2 ,
which remains below its threshold value. To over-
come this problem, an active identification strategy
is used, that involves a partial retraction of the FERI.
Exploiting the fact that the possible fault does not
influence the force sensors, the FERI retracts until
a predetermined ∆F is achieved. It then elongates
back to reach the target force again. During this
transient, the output from one of the force sensors,
the flex sensor and the encoder are used to com-
pute and update two correlation coefficients: ρF,θ
between the force sensor and the flex sensor and ρF,x
between the encoder and the same force sensor. At
the end of the test, the two correlation coefficients
are compared. As the sensors’ signals are highly
correlated, both correlation coefficients should be
close to one. In the case of a fault, one naturally
drops, therefore identifying the faulty sensor. The
entire control strategy is shown in Fig. 2, while all
the fault detection and identification conditions are
summarized in Table I. As visible in the figure, the
fault detection is performed at each time-step, every
10 ms in reality, which in turn corresponds to the
maximum delay between a fault first appearing and
it being picked up by the algorithm.

III. EXPERIMENTS AND RESULTS

The experimental setup, visible in Fig. 1(b),
consists of the FERI and the STS that our group
developed and presented in [28]. This platform
enables the simulation of the viscoelastic properties
of soft tissues and also simulates their growth pro-
cess, making it ideal to test the new fault detection
framework of the FERI.
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Fig. 2. Flowchart of the overall fault-tolerance framework of the FERI system. At each time step, if no faults are detected, the FERI
continues working as normal. If a fault is detected in one of the force sensors, the retraction reflex is immediately triggered to prevent
damage to the soft tissue. When a possible fault in the flex sensor, signal θ, or encoder, x, is detected, the active identification strategy is
executed to disambiguate between the two. Once a complete identification is obtained, the FERI retracts. The subsequent recovery strategy
is attempted twice. If it fails both times, the fault is deemed permanent and a unit switch occurs. If both units are faulty, the FERI retracts
and executes an emergency stop.

A. The soft tissue simulator
As visible in Fig. 1(b), the STS consists of a fixed

plate and a moving one. A load cell is placed be-
tween the implant being tested and the moving plate,
in order to measure the force that the implant is
applying. With this information, the STS controller
uses a viscoelastic model (the Voigt model in this
study) to compute the equivalent displacement that
a soft tissue subject to the same force would display
and moves the plate accordingly. In addition, a very
slow movement, linearly dependant on the force, is
imparted to the moving plate to simulate long-term
tissue growth. The STS has a full range of motion
of 260 mm, while its non-backdrivable nature makes
it possible to simulate a variety of stiffness values,
from very soft, to fully rigid. As visible in the figure,
the robotic implant is connected to the plates of
the STS using two Ecoflex™ 00-30 attachments,
designed to simulate in-vivo attachment to a soft
tissue while still preserving all the relevant degrees
of freedom.

B. Off-line training of the fault-tolerance frame-
work

In order to calibrate the coefficients of equations
(1) and (2), the FERI was placed in the STS and the
plates were set at a fixed initial distance L0 = 15
mm. No viscoelastic behavior was simulated at this
stage. The FERI was then programmed to go from
0 N to 2 N and back to 0 N in a linear fashion.
Meanwhile, the signals from encoders, force sensors
and the flex sensor were recorded. The plates of the

STS were moved further apart in 5 mm increments
before the cycle was repeated. The maximum value
of L0 that still allowed the FERI to reach 2 N was
L0 = 50 mm. The off-line training of the fault
detection algorithm started with the force sensors,
F1 and F2. The result of the calibration procedure,
shown in Fig. 3(a), led to a value of a = 1.15 and
b = −0.03 (R2 = 0.89, RMSE = 0.23), while
the resulting standard deviation was σ2 = 0.05.
In the case of the joint calibration of the flex
sensor with the encoders and force sensors, the
fitting procedure resulted in c1 = 0.21, c2 = 7.65,
c3 = −2.79, σ2 = 6.17 when using F1 (R2 = 0.89,
RMSE = 2.49) and c1 = 0.29, c2 = 8.19,
c3 = −5.85, σ2 = 7.30 using F2 (R2 = 0.87,
RMSE = 2.70). Fig. 3(b) and (c) show the results
of this data fitting process. As visible in the figures,
although no viscoelastic behavior was simulated, the
FERI could still elongate exploiting the flexibility of
its rack.
Having computed all the necessary parameters, the
thresholds for the fault detection algorithm, set
according to (5) with N = 1860 and α = 0.95, are
J th
F1,F2

= 3.84 and J th
x,F,θ = 6.00. As a consequence,

a prediction residual eF1,F2 of 0.19 N would be
needed to achieve JF1,F2 > J th

F1,F2
, while errors

ex,F1,θ = 37.0◦ and ex,F2,θ = 43.7◦ are needed for
Jx,F1,θ and Jx,F2,θ to surpass their threshold. Table
II summarizes the values and meaning of the main
parameters.
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the information from F1 and the encoders x. (c) Linear fitting of the flex sensor data θ using the information from F2 and the encoders x.

TABLE II
SUMMARY OF FAULT DETECTION AND IDENTIFICATION

PARAMETERS

Parameter Value Meaning

F̂1

a 1.15
Coefficients used for
the prediction of F1

readings
b −0.03

σ2 0.05

θ̂1

c1 0.21

Coefficients used for
the prediction of θ

readings using F1 and
x

c2 7.65

c3 −2.79

σ2 6.17

θ̂2

c1 0.29

Coefficients used for
the prediction of θ

readings using F2 and
x

c2 8.19

c3 −5.85

σ2 7.30

α 0.95
Significance level of the
T 2-test on the residuals

N 1860
Number of data-points
used for the training

Jth
F1,F2

3.84
Threshold value for the

T 2-test on F̂1

Jth
x,F,θ 6.00

Threshold value for the
T 2-test on θ̂1 and θ̂2
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Fig. 4. F1 and F2 sensors fault examples. During this test, two
abnormal reading faults were injected into the FERI system: one in
F2 at t = 27.5 s and the second in F1 at t = 63.25 s. Each fault was
recognised and correctly classified (third and bottom charts). After
the identification, the FERI fully retracts for safety purposes and then
gradually elongates back, continuously checking if the fault is still
present. If the robot can reach the target force without detecting the
fault for a second time, the recovery is considered successful and
normal operation is reestablished.

34 Software-based resilience for a Flexible Extendable Robotic Implant



IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED JANUARY, 2023 7

Time (s)
0 20 40 60 80

0

0.5

1

F
 (

N
)

0

20

x
 (

m
m

)

0

5

q
 (

°)

0

5

10

J

Ok

Faulty

S
en

so
r 

st
at

e

F!

F"

F
target

 F!, F"

 x, F!, q

 x, F", q

 Jth

F!,F"

 Jth

x, F, q

x!+x"
x!
x"

N
or

m
al

O
pe

ra
tio

n

C
om

pl
ia

nc
e-

ba
se

d

A
ct

iv
e

Id
en

tif
ic

at
io

n

R
et

ra
ct

io
n

an
d 

R
ec

ov
er

y

Fault injection

Sensor reconnected

0

0.5

1

|r
|

F!

F"

q

x!

x"

 F!, x

 F!, q

Identification

Fig. 5. Active fault identification strategy. A fault in the flex sensor
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controller board. The sensor reading dropped causing Jx,F1,θ and
Jx,F2,θ to surpass the threshold. JF1,F2 remained below its threshold,
triggering the active identification step (t = 27.8 s). The target force
was decreased and increased again, causing a retraction followed by
an elongation of the FERI. At the end of the transient (t = 56.0 s),
the correlation coefficient analysis resulted in |ρF1,x| = 0.98 while
|ρF1,θ| = 0.04, The flex sensor was therefore correctly identified by
the FERI as the faulty sensor.

C. Short-term fault-tolerance experiments

The STS controller was set up to replicate the
viscoelastic properties of esophageal tissue using a
Voigt model with k = 100 N/m and β = 20 Ns/m
[28]. The growth of the soft tissue was modelled in
the code as a linear function of the force measured
by the load cell of the STS: dl

dt
= γF , with

γ = 1.5 µmN−1s−1. Short experiments were first
run to test the performance of the proposed fault-
tolerance framework. Fig. 4 shows an experiment
where faults were injected in both F2 (t = 27.5 s)

and F1 (t = 63.25 s). This was achieved by pressing
on the force sensors, producing an abnormal spike
in the readings. Each fault caused one pair of J-
statistics to surpass the relevant thresholds (fourth
chart in Fig. 4), therefore triggering the detection
process. In both cases, the FERI was capable of
correctly identifying the faulty sensor by using the
residual testing procedure described in section II-C,
as visible in the bottom chart of Fig. 4. After
the identification, the FERI fully retracts for safety
purposes and then gradually elongates back, con-
tinuously checking if the fault is still present. If the
robot can reach the target force without detecting the
fault for a second time, the recovery is considered
successful and normal operation is reestablished.
Fig. 5 is an example of a flex sensor fault that was
achieved by fully disconnecting the sensor from the
controller board (third chart from the top in Fig. 5).
The sensor signal suddenly dropped to zero, causing
Jx,F1,θ and Jx,F2,θ to surpass the threshold value,
t = 27.8 s in the fourth chart. This triggers the
active identification strategy to disambiguate which
sensor is faulty between the flex sensor and the
encoder of the FERI unit in use at the moment
of the fault. As mentioned before, this procedure
exploits the flexible morphology of the FERI and
the high interplay between its sensory information.
The target force signal is used to cause the FERI to
retract and then elongate. This ”V” shaped transient
is chosen to enhance the correlation coefficient
based identification process. If the faulty sensor had
a constant downward drift for example, a simple
retraction of the FERI would still lead to a high
value of the correlation coefficient ρ, making a pos-
itive identification more difficult. Inverting the slope
of the force sensor reading during the identification
step, by retracting and then elongating the FERI,
makes it possible to overcome such scenarios. In the
experiment, the active identification phase lasted 25
s, during which the correlation coefficients ρF1,x,
between F1 and the encoders, and ρF1,θ, between
F1 and the flex sensor, were constantly updated
(fifth chart in Fig. 5). When the transient was over
(t = 56.0 s), the correlation coefficients had an
absolute value of 0.98 and 0.04 respectively, clearly
identifying the flex sensor as the faulty one.

D. Long-term fault-tolerance experiments
Long-term experiments were then conducted, to

evaluate the performance and robustness of the
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system over longer periods of time, as well as
over the entire elongation range. Fig. 6 presents
the results of two of such experiments. The first
one, Fig. 6(a), lasted about 24 hours and the FERI
elongated from an initial length of 10 mm, to its
limit of 80 mm. This experiment was used as a
reference for the behavior, so no faults were injected
in the FERI hardware. In spite of this, a glitch
in the STS code led to a sudden movement of
the moving plate, which in turn caused the FERI
to react (t = 9h20m hours in the figure). This
external disturbance was picked up by all sensors
and their outputs remained coherent with each other,
as demonstrated by the low residuals during the
event (bottom chart in Fig. 6(a)). This demonstrates
good robustness of the fault-tolerance framework
against external disturbances acting on the FERI
system as a whole. In contrast, Fig. 6(b) shows a
second experiment, where two faults were injected
in the FERI hardware, one in the force sensor F1 at
t = 3h28m (top chart in the figure) and one in the
flex sensor at t = 6h48m (third chart). Both faults
were promptly detected and correctly identified, as
visible in the bottom chart of the figure. As the faults
were only temporary, after the recovery step, the
FERI continued functioning and elongating for the
remainder of the experiment, almost reaching full
elongation. The experiment was terminated by the
STS, whose moving plate reached its end-stop.

DISCUSSION AND CONCLUSION

In this paper, we presented a novel CCA-based
fault detection and identification framework for a
flexible extendable robotic implant. The approach
uses the information coming from a number of in-
situ sensors and exploits the flexibility of the robot
for fault identification. The new framework is ad-
vancing the previous one [26], based on the Pearson
correlation coefficient. This previous method had
the advantage of not requiring any training data,
only relying on the assumption that sensor signals
in the FERI system are highly correlated. This
simplifying assumption, though, is broken due to the
coupling between the robot and a growing tissue,
which leads to a loss of correlation between the
sensor readings and consequent false positives as the
FERI gradually elongates. The new framework is
fully tested in multiple experiments, with the help of
a robotic soft tissue simulator platform. Finally, the

FERI behavior and capabilities are assessed in long-
term experiments, lasting around 24 hours. These
last experiments are a first step in a further per-
formance evaluation of the FERI over weeks-long
trials, to simulate in-vivo long-term implantation.
The CCA-based framework exploits the strong re-
lation between the sensors on board the FERI,
enabled by the flexible nature of the robot itself.
The softness was imparted to the robot to reduce
scarring and damage to the surrounding soft tissue
upon implantation, but also proves to be a key
factor in the new fault detection process. If the rack
was rigid, the flex sensor would not measure any
meaningful deformation, therefore removing any
link between the force readings and the encoder
measurements. To cope with the limited number
and types of sensors available on board, both of
which further decrease when a fault occurs, an
active identification step was devised. This is used
to acquire additional information, in the form of
correlation coefficients between sensor readings,
when disambiguating which sensor is the faulty one.

Once tuned using training data, the fault detection
framework proved to be a fast and reliable way to
isolate possible faults in the sensors. The experi-
ments also showed how the proposed framework
is robust to system level external disturbances on
the FERI, as, during these, the sensor signals vary
unexpectedly, but the coherence between them is
maintained. Localized disturbances, that only affect
the readings of one sensor, have not been considered
in developing the fault detection process. Using
a significance level α of 0.95, prediction errors
of 0.19 N, 37.0◦ and 43.7◦ are needed to trigger
the fault detection thresholds. These were consid-
ered a good starting point for this study. Reducing
them further could be done in the future in two
ways: by reducing α, which also means increasing
the probability of false positives in the detection
process, or by reducing the standard deviation σ
of the residuals at the training stage. The first
solution does not pose a threat to the soft tissue,
but could compromise the long-term effectiveness of
the FERI. The second alternative necessitates better
models, for more precise predictions. This, though,
is rendered difficult by the nature of the 3D-printed
flexible rack, which shows pronounced hysteretic
behavior, as well as by the uncertainty of the in-
vivo implantation and interaction between the robot
and the surrounding tissue. The use of simpler linear
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models to generate the predictions was preferred,
knowing that this would lead to higher standard
deviations, to compensate, at least in part, for these
uncertainties. In-vivo experiments might provide
insights and training data, which could lead to better
models and lower standard deviations as a result.
One current shortcoming of the proposed method is
the fact that it can only predict single point faults,
meaning that only one fault can be present at any
given moment and if two sensors become faulty,
the algorithm does not have enough information
to reach a conclusion. In the future, this could be
overcome by adding more sensors which would lead
to overall redundancy in information. Additionally,
the STS platform can be further adapted to create
a more physiologically relevant environment for the
FERI overall. In conclusion, this study shows how
soft body morphology can be harnessed to gain
additional information on a system and represents
a first step in developing more resilient soft im-
plantable growing robots, which is key for their
adoption in the real world.
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3.3 Additional results

This section aims to display the content of the video uploaded as supplementary material
to the paper published in the IEEE Robotics and Automation Letters journal [107]. The
experiment consists in a full test of the fault-tolerant framework, with multiple fault detection
and identification steps, including the use of the active identification strategy, and a unit
switch around t = 225s.

t = 0s t = 33.5s t = 44.5s

t = 73s t = 116s t = 150s

t = 175s t = 195s t = 250s

Initial condition Fault injection in F1 Unit1 retraction

Flex sensor fault Unit1 retraction 1 x F1 fault

2 x F1 fault 3 x F1 fault Unit switch and reelongation

Fig. 3.2 FERI demo video stills. Still images pf the fault injection experiment captured from
the video uploaded as supplementary material to [107]. The times refer to the charts of Fig.
3.3
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Chapter 4

Soft valves for autonomous fault detection
and isolation in pneumatic soft robots

This chapter presents the development of a fully soft valve for passive, autonomous burst
sensing and isolation in pneumatic soft actuators. This solution is meant as an embodied
approach to the problem of fault detection in soft robotic systems. In the following section, an
overview of the work is introduced, followed by a more in-depth analysis of the contributions
and the methodology used for the study. The resulting publication, presented at the 5th

IEEE-RAS International Conference on Soft Robotics, follows in Section 4.2.

4.1 Summary of the publication

As discussed in the Introduction and Literature Review sections of this manuscript, soft
robots present a number of revolutionary capabilities. In order for their potential to be
fully harnessed, though, some challenges still stand. Among these, modelling, control and
automated manufacturing have been at the forefront of the relevant literature almost from
the start. One of the least discussed problems of soft robotics devices, till the advent of
self-healing materials, has been resilience. In the beginning, soft robots have been described
as inherently resilient due to their natural compliance and high deformability. If it is true
that these traits can help in increasing resilience, many failure modes can be identified, such
as interaction with sharp objects, interface de-bonding, material fatigue and, for pneumatic
soft robots specifically, overpressurisation. Self-healing materials have been proposed as a
promising solution to most of these problems, thanks to their capability of recreating severed
chemical bonds at the molecular level. As discussed, materials have been engineered that can
heal at room temperature, with almost full recovery of their structural performance. Some
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problems still remain to be addressed though, such as time to healing, healing environmental
requirements, and healing conditions. The healing time of most polymers present in literature
can range from tens of seconds to tens of hours, with an additional distinction between
partial and complete recovery of the material functionality, the second usually requiring a
much longer time. In addition, as discussed in Chapter 2, some environmental conditions
might be needed for a non-autonomic healing process to occur. Even when these are
met, slight misalignments of the cut edges can produce sub-optimal or incomplete healing.
For pneumatic soft robots in particular, that have to maintain an airtight interface with
the environment, these requirements translate into long periods when the robot cannot be
actuated, as air would flow out of the cut, preventing healing. Furthermore, even though
inactivity creates favourable conditions for the healing process, there is no insurance that
the cut edges align perfectly, leading to an airtight volume again. Finally, if the damage
introduces any degree of material ablation, the whole process is almost certainly unsuccessful.

In recent years, fully soft valves, components that do not use rigid elements within their
structure, have been increasingly investigated as a way of achieving control of fluidic soft
robots, without the need for onboard electronics. The main advantage being that these can be
more easily integrated in the body of the robot at the manufacturing stage. The work in this
chapter aims at demonstrating that soft valves can become passive safety components that
increase resilience without added burdens on the control or hardware required for the soft
robot to operate. Each actuator is paired with a soft valve, that can automatically detect when
a burst happens and isolate the faulty actuator from the rest of the system, therefore prevent-
ing the fault from propagating. The structure of the valve draws inspiration from Quake style
valves used in microfluidics and consists of three distinct layers: the flow layer, the control
layer and the membrane which separates the two. The flow layer connects the supply line
with the actuator and presents a localised restriction underneath the control chamber. The
control layer is connected to the control line and, when a big enough pressure difference is
present between the control signal and the pressure in the flow layer, the membrane deforms,
obstructing the flow in the flow layer.
Contrary to what happens in traditional Quake valves, the working principle of this fault
isolating valve relies on the dynamic effects created by the burst itself and not on the sudden
appearance of a high enough control signal. In fact, the supply and control pressure have
the same level, so, in normal conditions, the valve remains open. When a burst occurs, the
sudden drop in pressure at the outlet of the valve propagates back, till the restriction in the
flow layer. The pressure underneath the membrane therefore drops, causing the membrane
to deform and shut the valve, isolating the burst actuator. The process exploits the fact that
when a fluid travelling in a duct encounters an obstacle, it experiences a sharp and localised
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drop in pressure. The restriction in the flow layer is therefore key, as it temporarily decouples
the supply pressure at the inlet of the valve from the ambient pressure at the outlet when the
burst occurs, until the membrane has shut the flow. In fact, the absence of the restriction
would permit the low pressure to travel much further back in the supply channel, potentially
influencing the control pressure and making it impossible for the valve to switch.

In designing the valve, a few requirements were set, to guide the development process.
The valve’s structure had to be simple, in order to involve fewer manufacturing steps;
the structure had to be fully soft, so that future integration in existing soft actuators is
made simple; the final operation had to be passive and autonomous, requiring anything but
pneumatic pressure to work, in order to make adoption in fully pneumatic robots possible.
Finite element analysis was used to select an appropriate membrane thickness based on the
supply/control pressure level and the material properties. In addition, the volumetric flow rate
was experimentally characterised, for various geometries of the flow channel and different
materials.

The main contribution of the work is the demonstration, through controlled bench-top
experiments and real-world applications, that the valve can indeed detect and isolate bursts in
less than 30 ms, opening the way for novel resilient soft actuators. The working principle of
the fault detection and isolation can be thought of as an embodiment of the consistency-based
fault detection [108] approach used for the FERI in Chapter 3. The membrane inside the
soft valve constantly compares the pressure of the actuator to its known healthy state, which
is supply pressure level. When the difference, or residual, between the two surpasses a
threshold dictated by the membrane properties, the membrane deforms enough to obstruct
the inlet of the valve, isolating the actuator, which is deemed as faulty.
As discussed in Chapter 1, one of the envisaged use cases for the soft valve, is in conjunction
with self-healing materials, to selectively and automatically deflate a burst actuator in order
to start the healing process, or permanently isolate it in case the healing fails.
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Development and Characterization of a Soft Valve for
Automatic Fault Isolation in Inflatable Soft Robots

Marco Pontin1, Shuhei Miyashita1 and Dana D. Damian1

Abstract— Common causes of failure of inflatable soft
robots are bursts due to wear, overpressurization or in-
teractions with their surroundings. Resilience, the ability
to survive such faults, is key for autonomous robotic
systems, especially when human intervention is impossi-
ble or risky (e.g. robotic implants or space exploration).
Although self-healing has been investigated as a possible
solution, the approaches presented to date still have
critical limitations. In this paper, we present a novel re-
silience mechanism based on soft valves. When used with
soft actuators consisting of multiple inflatable segments
connected in parallel, these are designed to readily isolate
a burst section before the fault can propagate to the rest
of the system. No additional sensing is required. The
shut-off action of the valve is triggered by the pressure
difference caused by the fault itself, as proved in the final
application. The valve takes less than 30ms to switch and
can operate at various pressure levels: supply pressures
up to 15kPa were tested. This fault-isolating soft valve
represents a new step towards soft robotic resilience,
addressing soft robots vulnerabilities in difficult-to-access
sites or in settings of high-risk for the system or its
surroundings.

I. INTRODUCTION

In the last decade, soft robotics has become
an important and popular area of research. Soft
robots have demonstrated interesting and unique
capabilities: growing bodies, better ability in cop-
ing with unstructured environments, ability to sur-
vive large deformations [1], [2], [3]. Using soft
materials, researchers have been able to develop
actuators [4], [5], [6], sensors [4], [7], [8], and
controllers [9], [10]. Their softness, though, makes
them prone to failure when interacting with the
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surroundings or to burst if overpressurized. Re-
peated inflation and wear due to contact can also
lead to the same result. These are all common
failure modes of fluidic soft actuators and, as
such, they represent a critical shortcoming for their
application in robotic systems, especially in cases
where autonomy and ability to overcome faults are
paramount, such as robots for search and rescue,
space exploration or medical robotic implants. In
all of these cases, there is the necessity for the
systems to autonomously detect, isolate and even-
tually solve potential faults, as human intervention
is either impossible or very risky. Key work to
overcome this problem has been carried out in the
field of self-healing materials. Researchers have
realized composite materials, capable of sensing
and actuation, that show functional self-healing
capabilities [11], [12], [13]. Focusing on inflatable
soft-robots, Terryn et al. demonstrated the use of
self-healing polymer-sheets to build actuators that
can recover macroscopic damage [14]. A similar
result was achieved by Shepard et al. using an
Ecoflex™-Kevlar composite [15] and by Wallin
et al. [16] through a thiol–ene click chemistry.
These approaches, although promising, still show
limitations. In the majority of the cases, the focus
is on the chemical process itself and not on how
this affects the performance of the system while
healing or on the fault detection aspect. Specific
materials need to be used to exploit self-healing
and the self-healing process itself can require from
tens of seconds to several hours to complete.
Meanwhile, the actuators need to be deflated or
leakage of actuation fluid occurs. Sometimes, par-
ticular environmental conditions are needed for
the process to occur, such as the presence of a
UV source or an increase in ambient temperature.
Most importantly though, these techniques can
only recover relatively small damages, such as
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punctures and neat cuts, where no original material
is removed. This leaves the necessity of finding
ways to isolate the faulty section of the robot,
either temporarily, while the fault is healing, or
permanently, if the damage is unrecoverable, as
not doing so could cause loss of functionality for
prolonged or indefinite periods of time. Also, when
multiple segments of the actuator are connected
to the same supply line, one burst could lead the
entire soft robot to fail. Even when a powerful
supply line is present, that can cope with the
outflow of actuation fluid, this translates in an
overall bulkier system and in a waste of critical
resources in untethered applications.

In this article, we present a novel automatic fault
detection and isolation technique for inflatable soft
robots, based on pressure-difference triggered soft
valves. The integration of soft valves has recently
been used for control purposes to create fully
soft robots [10], [17], [18]. Still, little work has
been devoted to fault detection and isolation. The
goal of this work is to develop and characterize
a pneumatic soft valve that enables sensing and
isolation of bursts, with no controller intervention.
The envisaged application is to create a distributed
fault isolation network for inflatable soft actua-
tors with multiple chambers connected together
(Section IV). The result is a potential reduction
in pneumatic supply lines as well as external
sensing elements and valves to achieve similar
functionality.

II. DESIGN AND FABRICATION

The soft valve consists of three main parts: the
flow layer, containing the main flow channel that
connects the supply line with the soft actuator,
the control layer, where the control chamber is lo-
cated, and the membrane, which separates the two
(Fig.1(a)). Although the design of the valve origi-
nates from Quake-style valves [19], [20], the pro-
posed valve’s novelty stems from the distinct struc-
tural materials and working principle. Ecoflex™
00-50 is used in the final application, leading to a
much softer valve compared to traditional PDMS
Quake valves. In addition, while Quake valves rely
on a static uniform pressure difference to operate,
our design exploits the dynamic creation of a
pressure gradient in the flow channel caused by

the burst. Key for this behaviour is the restriction
in the flow layer, underneath the control chamber.
The geometry produces two effects: it creates a dis-
connect between the inlet and the outlet, acting as
a concentrated pneumatic resistance, and it reduces
the distance the membrane needs to deform to shut
off the flow, meaning a lower pressure difference
∆p is required for the valve to switch, therefore
reducing the response time of the component.
The channels have square section of height H ,
that reduces down to a minimum height h where
the raised section of the flow channel is. The
control chamber, and the membrane as a result, is
circular with diameter D. Finally, the membrane
is characterized by its thickness t (Fig.1(b)).

Two prototypes of the valve were manufactured,
one made out of PDMS silicone (Sylgard™ 182)
and the second using Ecoflex™ 00-50. Molds for
all the parts were fabricated using a Formlabs
Form 2 SLA printer with the layer height set to
25µm. Fig.1(a) summarizes the steps of the man-
ufacturing process. After molding and degassing,
the Ecoflex™ components were cured in an oven
(SciQuip 80-HT) at 75 °C for 25 minutes, de-
molded and then irreversibly bonded using Sil-
poxy™ glue. The PDMS parts were cured at
125 °C for 30 minutes and bonded in pairs using
oxygen plasma coating (Henikker Plasma HPT-
200): air was used as process gas, the flow in
the chamber was set to 20 sccm, the power to
100% and the samples were exposed for 55 s.
Immediately after exposure to plasma, the parts
were firmly pressed together for 60 s and then
placed for 10 minutes on a hotplate set to 90 °C.
This study will mostly focus on the Ecoflex™ 00-
50 version of the valves as the material properties
better reflect those typically seen in inflatable soft
robots. PDMS samples are used during the exper-
imental characterization phase as a reference: the
manufacturing technique together with the higher
stiffness of the material lead to more precise
samples with little to no internal deformation upon
pressurization.

III. FINITE ELEMENT ANALYSIS

Finite element analysis (FEA) was used to se-
lect an appropriate thickness t for the membrane.
Before performing the analysis in Abaqus, uniaxial
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Fig. 1. Manufacturing process of the soft valve. (a) Two versions
are realized using Ecoflex™ 00-50 and Sylgard™ 182. Ecoflex parts
are irreversibly bonded using Sil-poxy™ glue, while oxygen plasma
is used for the Sylgard™ 182 ones. (b) Sections of the open and
closed soft valve with relevant dimensions. (c) Top view of a PDMS
valve. The flow channel is highlighted using colored liquid.

tensile tests were conducted for material character-
ization. Ecoflex™ 00-50 dog bone samples were
molded according to the manufacturing process
just presented and an Ogden model with N = 1
(1) was chosen to fit the model parameters to
the experimental data (Fig.2(a)). Three out of ten
tensile tests were used for the estimation of the
material properties.

σuniax =
2µ

α

(
λα − λ− 1

2
α
)

(1)

In the equation, σuniax represents the stress and λ
the strain. Fitting in Abaqus resulted in µ = 0.0263
and α = 3.093. To validate the material model,
samples were built, consisting only of the control
layer and the membrane, and pressurized. The ex-
perimental results were then compared to the simu-
lations at various levels of inflation. The maximum
height of the deformed membrane was used as
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Fig. 2. FEA analysis of the valve. (a) Results of the tensile tests on
Ecoflex™ 00-50 and fitting of the Ogden model. An Imada MX2
tensile testing machine was used at 50.0mm/min. (b) Validation of
Abaqus simulations using the height of the inflated membrane as
metric. Two different membrane thicknesses were used and three
samples per thickness were manufactured and tested at varying
inflation levels. (c) Abaqus simulation of the complete Ecoflex™
00-50 valve inflated at 7.5 kPa. Membrane thickness t = 500µm.

the metric for the comparison and two membrane
thicknesses were considered: 500µm and 1mm.
Fig.2(b) shows a summary of the comparison.
For the experiments, three different samples were
used per each thickness and the results were then
averaged. The simulated displacement proved to
be in line with the experimental one, with slightly
bigger discrepancies for larger deformations. The
maximum error was 0.34mm for the 500µm at
15 kPa of internal pressure.

To guide the sizing of the membrane thickness
for the valve, in line with preliminary experimental
data, the assumption was made that when a burst
occurs, in the flow channel, underneath the mem-
brane, the pressure is given by the mathematical
average between supply and ambient pressure. The
pressure difference that causes the membrane to
bend down is therefore equal to psupply/2. One
simulation of the complete valve can be seen in
Fig.2(c). The flow channel is at ambient pressure,
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while a uniform pressure of 7.5 kPa is present
in the control chamber at the top, simulating a
supply pressure psupply = 15 kPa. The valve, with
the 500µm thick membrane, was modelled as
monolithic for simplification and internal contacts
were enabled in Abaqus to simulate the interaction
between the membrane itself and the bottom of the
flow channel. The complex interaction between the
air flow in the flow layer and the membrane was
neglected and will be analyzed in future studies.
According to the simulations, a 500µm thick mem-
brane should be capable of deforming enough to
fully obstruct the flow channel. This result was
used as the baseline for the manufacturing of the
soft valve.

IV. EXPERIMENTAL RESULTS

A. Characterization of the Flow Rate Through the
Valves

To characterize the valves, flow rate tests were
performed referring to ISO 6358. The experiments
were conducted using the pneumatic circuit in
Fig.3(a). The pressure inside the tank is kept
constant using a PI controller, while the outflow
is measured using an analogue air flow sensor. As
visible in Fig.3(b) and (c), the tests are conducted
on a version of the valve consisting of the flow
channel and a solid top layer bearing miniature
channels. These enable the insertion of syringe
needles to measure the pressure right before (pin)
and after (pout) the restriction in the flow chan-
nel. O-rings, embedded during the molding phase,
provide sealing. Finally, a flow regulator is used to
incrementally reduce pout, from psupply to ambient
pressure. According to the ISO norm, the flow
through a rigid valve can be expressed using (2).




QN = C
√

T0

T
pin if pout

pin
≤ b

QN = C
√
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T
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√
1−

(
pout
pin

−b

1−b

)2

if pout
pin

> b

(2)
Pressures p are absolute and measured in bars,
temperatures T are in K and QN , the flow rate,
is expressed in Nls−1. T0 = 293K is the refer-
ence temperature for normal conditions. The con-
ductance C, measured in Nls−1bar−1, is directly
proportional to the maximum flow rate through

the valve at a given supply pressure pin. Coeffi-
cient b represents the critical pressure ratio below
which the flow reaches sonic speed and does not
increase anymore when further decreasing the ratio
pout/pin. It can be demonstrated that b has value
0.528 for an ideal nozzle in the absence of losses
and is lower in real components, even reaching
zero. In addition, in normal soft robotics appli-
cations the difference between absolute supply
pressure and absolute ambient pressure is relatively
small, leading to a ratio pout/pin close to 1. Be-
cause of these considerations, we assumed b = 0,
leaving only the conductance to be experimentally
determined.

Five different geometries of the flow channel
were considered for both the Ecoflex™ and the
PDMS versions of the valve: H varied in the range
[0.5, 1.0, 1.5]mm, while h was equal to 100µm,
150µm, and 200µm for H = 0.5mm and was
150µm for H = 1.0mm and H = 1.5mm. All
other dimensions of the flow channel were kept
constant. Fig.3(d) and (e) show the results obtained
with H = 0.5mm and h = 150µm for the PDMS
and Ecoflex™ versions respectively. As visible,
the minimum value for the ratio pout/pin is 0.88
for pin = 15 kPa, confirming our previous con-
siderations on b. Also, contrary to the Ecoflex™
ones, flow curves for the PDMS valves overlap,
reflecting what would be expected using fully rigid
valves. This is also confirmed by the coefficient of
variation σ/µ of the conductance C after fitting,
whose average value is 0.08 for the PDMS samples
and 0.30 for the Ecoflex™ ones. The difference in
behavior of the valves can be ascribed to internal
deformations of the softer Ecoflex™ samples when
pressure is applied. These deformations lead to a
wider flow channel with a resulting increase in
the flow rate at any given ratio pout/pin. Fig.3(f)
summarizes the results obtained with the various
geometries: the conductance is expressed as a
function of the minimum area of the flow layer.
Ecoflex™ valves with an area greater than 0.1mm2

could not easily achieve pout equal to ambient
pressure due to their lower internal resistance. This
made them unsuitable candidates for later sections
of this study. Knowing the conductance makes it
possible to select the appropriate geometry of the
flow layer based on the application as well as
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being the first step towards a complete model of
the valve. For the PDMS components, a second
order polynomial provides a good fitting of the
experimental data points (R2 = 0.97). The same
cannot be done for the Ecoflex™ versions as the
supply pressure level impacts the conductance.
Modelling is made challenging by the non-linear
behavior of the silicone material and the complex
interaction between the evolving pressure gradient
in the flow layer and the channel itself.

B. Shut-off Operation

When characterizing the shut-off capabilities of
the valve, the pneumatic circuit of Fig.3(a) was
altered as shown in Fig.4(a). A control line is now
present, to switch the pressure in the control layer
of the valve on and off. Also, the flow regulator is
removed and an outlet valve is added downstream
of the flow sensor used to measure the outflow.

Samples were created with H = 0.5mm and
h = 150µm, while the membrane thickness t was
varied in the range [100, 200, 300, 500]µm. The
supply pressure was increased in steps of 5 kPa
from 5 kPa to 15 kPa and four samples were tested
at each pressure level. Fig.4(b) displays the testing
procedure in details and shows the results obtained
with a 100µm thick membrane. First, the desired
supply pressure is stabilized inside the tank. Then,
valve V1 is turned on, pressurizing the flow layer
up to V2. This causes a small flow through the flow
sensor, as visible in the bottom chart at the time
t = 1.00 s. 150ms later, V3 opens, pressurizing
the control line. After 5 s, V 3 is closed and V2 is
opened, connecting the outlet of the soft valve to
ambient pressure, thus simulating a sudden burst
in a soft actuator (t = 6.15 s). The air trapped
between the soft valve and V2 flows out, causing
a peak in the flow meter reading. If the valve
works correctly, no flow should be measured in
the following 3 s (grayed out region in the bottom
chart of Fig.4(b)). The duration of the second spike
in the flow rate can be interpreted as an upper
bound for the switching time of the valve and never
exceeded 30ms. At t = 9.15 s, V1 is closed and
V4 is opened, depressurizing the control line and
resetting the circuit to the initial state. Immediately
after opening V3, the membrane goes back to its
resting position and the air trapped between V1
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Fig. 3. Characterization of the flow rate through the soft valves.
(a) Diagram of the pneumatic circuit used for the tests. (b) Section
view of the component being tested. (c) Photograph of a PDMS
sample: syringe needles are inserted for measuring the pressure
inside the flow layer. (d) Characterization of a PDMS valve having
H = 0.5mm and h = 150µm. Three different supply levels were
used in the range of typical soft robotics applications. Experimental
data points are shown as circles, while dashed lines represent the
fitting according to (2). (e) Characterization of an Ecoflex™ 00-
50 valve having H = 0.5mm and h = 150µm. The curves
diverge due to internal deformations generated when the flow layer
is pressurized. (f) Conductance of the valves as a function of the
minimum area of the flow layer. Five different geometries were
considered, varying both the width H and the height h of the
channel. For any given geometry, the PDMS data points are closer
together than the Ecoflex™ ones, highlighting the effect that the
supply pressure level has on the softer material.

4.2 Publications 51



and the soft valve discharges, causing the third
peak in the flow meter readings.

Fig.4(c) presents the results, as an average of
four trials, for the four membrane thicknesses
and the three supply pressure levels. As visible,
contrary to the FEA simulations, the 500µm thick
membrane could not seal the flow layer and air
leakage occurred during the trials for all three
supply pressure levels. This is likely caused by
the interaction between the air flow and the mem-
brane, as well as the internal deformations of the
flow layer caused by the pressure. In addition,
the outflow increased in absolute terms with the
increasing inlet pressure. The same happened for
the 300µm membrane, but this time the measured
flow was lower, implying that the membrane was
obstructing a larger percentage of the cross section
of the flow channel. Samples with 200µm thick
membranes were capable of blocking the outflow
for a supply pressure of 5 kPa, but then failed to
do so for higher pressure values. The valves with
100µm thick membranes were the only ones that
could completely and reliably seal the flow layer
all throughout the supply pressure range. The thin-
ner membrane was capable of deforming enough
to compensate for the internal deformations of the
flow layer for all supply pressure levels. Even
when not completely stopping the flow, the valves
were still able to reduce it by more than 40%
in the case of the 500µm membrane and up to
80% with the 200µm one, as summarized in the
bar chart of Fig.4(d). The normalized reduction
in flow rate (NRF ) was chosen as the metric to
compare the effectiveness of the various samples.
The normalization was done using the following
formula.

NRF =
Qmax −Qout

Qmax

(3)

Qout is the outflow measured during the test and
Qmax is the maximum flow rate achieved for the
specific supply pressure level and channel geom-
etry during the characterization experiments of
Fig.3(e), where the membrane was absent. Overall,
the valves proved to be effective and future work
will focus on optimizing the internal geometry.

C. Application Example
To prove the effectiveness of the proposed de-

sign in real world applications, the soft-rigid actu-
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Fig. 4. Characterization of the shut-off capabilities of the soft
valve. (a) Schematic of the pneumatic circuit used for the tests. (b)
Experimental results obtained using a sample with H = 0.5mm,
h = 150µm and t = 100µm. The control layer is pressurized
using an external valve (V3) 150ms after the flow layer and is then
isolated. The main outlet valve (V2) is later opened at t = 6.15 s to
simulate a burst, but no outflow is observed (grayed out region in
the bottom chart). Finally, the system is reset for the next test. The
peaks in the flow rate correspond to the initial pressurization of the
flow layer, to the discharge of the tubing between the soft valve
and the outlet valve and to the discharge of the system during the
reset phase. (c) Comparison of valves with same internal geometry
and varying membrane thickness. The outflow was measured for
varying levels of the supply pressure. Samples with t = 100µm
reliably succeeded in shutting off the flow completely, while ones
with thicker membranes only reduced it partially. (d) Shut-off
effectiveness of the valves for varying membrane thicknesses. The
normalization was done using the maximum flow rate observed for
the given geometry and supply pressure level during experiments
such as that in Fig.3(e). Even when not fully blocking the outflow,
the valves with 200µm, 300µm and 500µm thick membranes were
able to reduce the outflow by 80%, 60% and 40% respectively,
compared to the membrane being absent.
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ator presented in [21] was used. These actuators
consist of ring-shaped stackable modules, each
having three independently inflatable membranes.
As shown in Fig.5 and in the supplementary video,
one module and three valves (V1, V2 and V3) were
utilized for the demo. Each valve is connected to
the common supply line and V1 is also connected
to the control line. Valves V2 and V3 are passive
and are only used to get similar amounts of pneu-
matic resistance in all three lines to the inflatable
membranes (M1, M2 and M3). The decision of
having only one fully connected valve was done
to better highlight the behavior and effect that the
valve, V1 in this case, has on the system. All three
valves have H = 0.5mm, h = 150µm and a
100µm thick membrane inside.

The actuator in its deflated state is shown
in Fig.5(a), with V1 switched off. The supply
line is then pressurized and the actuator inflates
(Fig.5(b)). In the experiment, a supply pressure of
10 kPa was used. Right after inflation, the control
line of valve V1 is turned on, pressurizing the
control layer and preparing the membrane to snap
down in case of a fault in the inflatable membrane
M1. The system is then completely isolated from
the supply, by disconnecting the external rigid
valves, so that the pump cannot provide any more
air to the inflatable membranes. A precision knife
is used to burst the actuator, but membranes M2
and M3 remain inflated (Fig.5(b) and (c)). One
minute after the burst, the actuator was still in-
flated, with no visible change in inflation level. In
Fig.5(d), the control line is finally depressurized,
causing the membrane inside V1 to go back to
its resting state. As a result, the air in M2 and
M3 flows through V1 and out of the hole in M1,
deflating the actuator (Fig.5(d)) and simulating
what would occur had the valve not been present.
The deflation of M2 and M3 took around 15 s due
to the presence of V2 and V3 that, although not
being active, still provide resistance to the flow,
making the overall deflation transient longer.

DISCUSSION AND CONCLUSION

In this paper, we presented a soft valve designed
to readily isolate a burst section of a soft inflatable
actuator before the fault can propagate to the rest
of the system. No additional sensing is required, as

(a) (b)

(c) (d)

Deflated actuator Fully inflated actuator. V1 ready to switch

Membrane M1 burst. Others are safe V1 switched OFF. Actuator deflated

Control line

pressurized

Control line
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V1

V2

V3
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V3

M1

M2

M3

Common

supply line

M3

M2

Control line
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Actuator is

fully isolated

Control line

pressurized

Fig. 5. Soft valves used with an inflatable actuator to demo fault
isolation. (a) Soft pneumatic actuator ready for inflation. The three
inlets are connected to the main supply through three soft valves.
V1’s control line is connected while V2 and V3 only ensure a
similar level of resistance on all supply lines. (b) After inflation,
the supply and control line valves are shut off and disconnected,
isolating the actuator from the pump. The nonuniform inflation is
due to manufacturing inaccuracies in the actuator. Membrane M1
is then burst using a precision knife. (c) The soft valve isolates
the faulty membrane from the remaining ones, preventing their
deflation. (d) The control line is discharged. In 15 s the actuator
fully deflated, with air flowing from the intact membranes out
through the cut in the faulty one, further proving the effect of the
soft valve.

the shut-off action of the valve is triggered by the
fault itself. Combined with self healing techniques,
it could either isolate a faulty segment while heal-
ing occurs or act as a fail safe alternative in case
of unrecoverable damage. Untethered applications,
where actuation fluid is limited, could also benefit
from its use.

Some of the limitations that have emerged en-
tail manufacturing and modelling. When using
Ecoflex™ 00-50, achieving a thin uniform layer
of Sil-poxy™ without affecting the small features
of the valve proved to be challenging. Further
investigation in bonding techniques may be needed
to scale down the design. In comparison, PDMS
proved to be a more accurate and time efficient
alternative. Its higher stiffness, though, limits its
application in inflatable soft robots. With respect to
modelling, discrepancies between FEA and exper-
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imental results were observed and are likely to be
linked to internal deformations upon pressurization
and to the interaction between the air flow and
the membrane. A thin membrane, 100µm thick,
granted the most reliable performance: the shut-off
reaction was fast (less than 30ms) and provided
perfect sealing both during the preliminary tests
as well as during the final application. In addition
to the modelling aspects, future work will involve
integrating the soft valve into the actuator, leading
to a monolithic solution with less tubing and
external rigid valves.
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4.3 Limitations of the design

During the development of the first prototype of the soft valve, some challenges emerged.
These can be classified in manufacturing related and functionality-based ones. In terms
of manufacturing, the complex geometry of the flow channel made it difficult to properly
glue the valve together. The most common defects were: glue obstructing the channel, glue
residue on parts of the membrane that were supposed to remain unaffected, leaks due to
uneven gluing of the surfaces. Functionality-wise, the reliability of the valve was low, with
only the valves with a 100 µm reliably isolating the bursts. This is likely due to how the
sealing of the flow channel happens with that design. For the sealing to be perfect, the entire
side of the membrane has to form an uninterrupted contact with the hemispheric region of
the flow channel. This is made more complex by the deformation of the soft valve when
pressurised. In addition, the symmetric geometry makes achieving more complex behaviours,
such as the one presented in the following sections, impossible. A first attempt was made to
render the internal structure asymmetric, by widening the outlet section of the flow channel.
This modification had the goal of reducing the outlet resistance of the valve, as well as to give
an additional potential behaviour when the valve is connected in reverse. The design was
quickly abandoned, though, as the manufacturing difficulties remained unaltered, leading to
a 10% manufacturing success rate.





Chapter 5

Multi-modal soft valve for embodied
programming of local resilient responses

This chapter analyses the development and characterisation of a novel multi-modal soft valve
designed to achieve burst detection and isolation and overpressurisation protection, while
overcoming limitations of the previous design. In addition, by combining two identical soft
valves, an endogenously controlled valve is manufactured capable of self-tuning its operation
to the actuator it is paired to, avoiding the need for external control lines.

5.1 Preface

Starting from the requirements and limitations highlighted at the end of Chapter 4, a new
soft valve was developed. Compared to the previous design, the main structure remained
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Fig. 5.1 Comparison of the soft valve designs. (A) Internal structure of the original soft
valve design and main components. (B) Section view of the new soft valve design and its
main elements.
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mostly unaltered, as displayed in Fig. 5.1: one flow layer and one control layer separated
by a soft membrane. For consistency, the external dimensions of the valve were also kept
constant between the two versions. The main changes consist in having an inlet channel
which runs orthogonal to the membrane and then bends 90◦ to reach the outlet (Fig. 5.1).
The addition of tubing, embedded at the inlet section of the valve, prevents the channel from
deforming when pressurised, leading to the possibility of carefully controlling the pneumatic
resistance of the valve at the design stage. Having the inlet channel running orthogonal to
the membrane, makes it possible to increase the size of the control chamber, making better
use of the surface area of the valve, also reducing the length of the outlet channel and its
pneumatic resistance.

Thanks to its internal geometry, the new design achieves separation of function. In the
original soft valve, the pneumatic resistance of the valve was dictated by the overall internal
geometry of the flow channel and of the central restriction in particular. The restriction
also had to be designed so that the interaction with the membrane would provide the shut
off capability. Therefore, a change in the geometry of the restriction to achieve better
sealing for example led to a resulting change in pneumatic resistance, affecting the switching
performance of the valve. This is not the case with the new design. The diameter and length
of the inlet channel are used to carefully tune the overall input impedance of the valve,
provided the outlet resistance is kept low in comparison.
Looking at functionality, having the inlet channel orthogonal to the membrane greatly
improves the sealing capability of the valve: the part of the membrane which deforms the
most is the one that is shutting the flow, contrary to what was happening in the previous
design. This, together with the increased diameter of the control chamber makes it possible
to increase the height of the flow layer chamber, use thicker membranes and achieve perfect
sealing even with lower control pressure levels, due to the decreased rigidity of the membrane.
From a manufacturing standpoint, the new structure provides two major improvements: the
inlet channel is now fully formed after the moulding stage, which completely removes the
risk of leakages, and the gluing is made easier by the simplified perimeter of the flow layer.
In addition, the glue stops further away from the critical areas of the valve, namely where
sealing action occurs, which is in the centre of the membrane. These aspects combined led to
an increase in the manufacturing success rate from 10% to 100% (more than 45 soft valves
of the new type were manufactured).

In addition to solving critical manufacturing challenges with the previous design, the new
version of the soft valve was designed with the ultimate goal of achieving endogenous control:
the capability of the valve of generating its own control signal autonomously. To accomplish
this, two identical valves have to be combined, each exhibiting two distinct behaviours,
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depending on how it is connected to the rest of the system. In particular, two of the three
ports on the body of the valve can alternatively be used as the inlet. The asymmetric internal
structure of the valve makes it then possible to obtain a forward operation mode (FOM)
and a reverse operation mode (ROM). In FOM, the valve behaves as a PNP-transistor or a
resettable fuse, replicating the burst detection and isolation capability shown in Chapter 4. In
ROM, the behaviour is that of a Zener diode and can be used to protect soft actuators against
overpressurisation. The two behaviours combined enable the endogenous control capability
of the two-stage soft valve, which represents the culmination of the work of this chapter. In
addition to achieving autonomous burst detection and isolation, this last design uses pressure
feedback from the soft actuator it is paired with to time the generation of its control signal.
As a result, the valve demonstrates self-tuning operation, which makes it possible to pair it
with a variety of actuators without changes in valve design, as demonstrated in Section 5.4.1.
All channels are internally routed and only two ports, inlet and outlet, remain open to the
outside, making this last design a truly self-contained unit for burst detection and isolation in
soft actuators.

The content of this chapter has been structured for submission to the journal "Science
Robotics". The Introduction is followed by a Results section, where an in depth analysis of
the experimental results is conducted. The subsequent Discussion summarises the results
and highlights the impact of the work from a higher level perspective. The Materials and
Methods section goes over the manufacturing and details about experimental procedures
and protocols. The chapter is concluded by the Supplementary Materials which present
additional interesting results that were deemed non critical in highlighting the capabilities of
the soft valve.

5.2 Introduction

Inspired by living creatures and leveraging the compliance of their bodies, soft robots
achieve integration between body, sensing and actuation and show promising potential for
applications such as human robot interaction, medical robots, and marine and space robotics
[7, 75, 6, 3, 109]. This property, paired with fluidic actuation, grants faster fabrication, better
blending of form and function and a near infinite number of degrees of freedom. In most
cases, actuators consist of enclosed volumes separated in one or more chambers. To tame the
large deformation potential and the many degrees of freedom, roboticists use various means
to selectively stiffen portions of the actuator’s body so that, upon pressurisation, the intended
deformation can be achieved. Control units, consisting of software, pressure sources, valves
and pressure sensors, complete the robots, adding thought to bare matter.
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Despite their promising potential, fluidic soft robots are more prone to failure compared
to traditional robots made of durable, rigid materials. Bursts from cuts or overpressurisation
represent a common and critical mode of failure [13, 55], which leads to unresponsive robots,
therefore reducing their reliability and potential for adoption [110, 13]. When compared to
the living creatures which serve as inspiration, soft robots appear like unevolved counterparts,
unable to cope with the simplest of setbacks. Vulnerabilities in machines have been a
well known problem since the dawn of robotics, with recognised unfavourable economic
consequences and risks to humans. The classical fault-tolerant framework [22], built around
rigid machines, relies on complex control algorithms to achieve behaviour adaptation after
a critical fault, to salvage as much of the capabilities of the system as possible [23, 25]. In
the same framework, reconfigurable and self-assembling systems have also been researched,
to grant robots spare parts in case of breakages [111, 112]. These approaches, however,
assume discrete, addressable points of failure, such as a sensor, actuator or link, making it
difficult to scale the approach to high degrees-of-freedom machines or to the entire body of a
robot. Additionally, the entire framework is based on a centralised architecture, where the
controller takes decisions based on the feedback from various sensors. This often requires
precise models, or extensive training, usually becoming computationally demanding. On
the other end of the spectrum, self-healing materials, which take advantage of chemically-
enabled repairs (e.g. reversible Diels-Alder bonds and H-bonds) are highly distributed,
and do not require a model or computation, making them good candidates for soft robotic
resilience [13, 14, 54, 40, 17, 39, 55]. Limitations still exist, though. Healing typically is
time consuming and, most often, external stimuli or human intervention are needed for the
process to be successful. In addition, fluidic actuators have to be deflated, for the healing
to occur and, if material is removed during the fault, chances of recovery are drastically
diminished. The effects of environmental contaminants on the healing process success and
efficiency are also still to be investigated thoroughly.

Resilience in living creatures, on the other hand, shows a level of nuance that robots are
still lacking. In humans, for example, a wounded finger triggers a tightly coordinated cascade
of reactions on different time scales [113, 114, 15]. First, blood-borne platelets clump
together to stop blood loss. An inflammatory response is then triggered and lymphocytes and
macrophages converge to the site to protect against infections. In the medium term, growth
factors are released to trigger collagen production, used as scaffolding by the reproducing
dermis cells to form new tissue. While this is taking place, passively and unconsciously, the
conscious self guides the human to a change in behaviour, meant to aid the recovery of the
injured finger.
If software-based fault-tolerance in rigid robots can be equated to this high-level conscious
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response and self-healing materials achieve the later stages of the healing process, the
immediate and unconscious set of reactions which form haemostasis and enable tissue
regeneration have yet to find an analogous in the world of soft robotics resilience. Bio-
inspired approaches could instantly isolate faults, such that the damage does not propagate
further, and maintain the system in operation until full recovery is achieved through material-
level healing. Alternatively, faults could be prevented altogether, by endowing robots with
stress relief mechanisms for critical, life-threatening situations. Inspired by the passive,
autonomous nature of these solutions, in this chapter a fully soft valve is presented, capable
of multi-modal behaviour to achieve passive distributed resilience in pneumatic soft robots.

Soft pumps and valves have been developed in the past to achieve electronics-free control
and actuation of soft robots [115–118]. The development of valves in particular, inspired
by the well known parallel between fluidic and electric systems modelling, have usually
targeted the replication of functionalities obtained with CMOS technologies [119, 120].
Other designs have exploited more complex behaviours, such as bistability and buckling, to
create oscillators for robot control and locomotion purposes [121–124]. When comparing
these results to silicon technologies, limitations still remain. While some of these, such as
speed of computation, are inherent to the medium, others, like manufacturing autonomy and
average component size, have shown promising developments. Microfluidics research has
demonstrated the possibility of replicating complex digital logic circuits [125–127] while
achieving compact designs with 36 gates/cm2 [128]. In addition, recent advancements in
3D-printing techniques and materials have permitted the creation of monolithic soft robots
that merge control logic and actuators in one unit [129, 130, 104], decreasing production
costs and time. Furthermore, the combination of state of the art inkjet printing and research on
monopropellant fluids [131] has led to soft robots that include fluidic controllers and onboard
pressure generation [104]. Despite these advancements in replicating complex behaviours
through ingenious fluidic circuits, these approaches assume the soft robot is equipped with
pressure sensors and valves for every functional fluidic chamber, has a centralized control and
a quick response time. All of these increase both the hardware and computational burdens.
The use of soft valves for soft robotic resilience is a recent development. In [132], our
group designed and characterized a valve capable of achieving automatic burst detection and
isolation, while in [133] Bosio et al. proposed a soft fuse valve for the same goal. In this
paper, a novel multi-modal soft valve is presented, capable of achieving distinct resilient
behaviours without changes in design or structure. In addition, the multi-modality of the
valve can be used to create an endogenously controlled two-stage soft valve, through self-
tuned operation. This two-stage valve can generate its own control signal, not only avoiding
the need for an externally actuated line, but also making it possible to use the same valve
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with soft actuators irrespective of their size and without previous knowledge about their
behaviour. In summary, the innovations in this work respond to shortcomings in existing soft
robotic resilience, by demonstrating embodied fluidic circuits which can achieve pre-emptive
fault detection or isolation, and represent a glimpse into an embodied unified platform for
bio-inspired fluidics-based soft robotic resilience.

5.3 Results

5.3.1 Soft Valve Design and Structure

The pneumatic soft valve, visible in Fig. 5.2A, consists of three functional layers. A
membrane separates the control layer, where the control chamber resides, from the flow
layer, which connects the main inlet and outlet ports. The integrated tubing in the valve
acts as a constraint, preventing the associated section of the channel from expanding when
pressurised, and serves as a localized resistance for the airflow. The single-material design
and compact structure enable simple integration in existing soft robots. The geometry and
position of the internal channels have been chosen to grant multi-modality, that is, different
operation modes depending on how the valve is connected to a soft actuator, with a single
supply pressure. In particular, we distinguish between a Forward Operation Mode (FOM)
and a Reverse Operation Mode (ROM).

In FOM, the narrow vertical channel serves as the inlet (Fig. 5.2B). With the membrane in
its resting position, the airflow is unimpeded and the valve is open. When a sufficiently high
pressure difference is reached between the control pressure pc and the outlet pressure pout ,
the membrane deforms and obstructs the inlet channel, therefore separating the inlet from the
outlet (closed condition). In this mode, the valve can be considered the fluidic equivalent of a
PNP transistor, or, in the case of this study, of a resettable fuse. As such, if the valve in FOM
is paired with a Soft Inflatable Element (SIE), like a pneumatic actuator or sensor, it can
achieve passive, autonomous burst detection and isolation. The burst causes the pressure level
underneath the membrane to drop, leading the membrane to deform downwards and obstruct
the inlet channel. The valve, therefore, automatically switches from open to closed, isolating
the faulty SIE and preserving the functionality of the rest of the system. Instrumental in
achieving this result is the high impedance of the inlet channel, which decouples inlet and
outlet pressures (Fig. 5.20 in the Supplementary Materials).

In ROM, Fig. 5.2C, the narrow channel serves as the outlet. The valve starts out
closed and later opens when the pressure difference between the chambers either side of
the membrane, pc − pin, drops below a threshold value ∆pth dependent on the geometry
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Fig. 5.2 Details of the soft valve and possible applications. (A) Internal structure of the
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and material properties of the valve. In this condition, the deformed membrane no longer
obstructs the outlet channel and air can therefore discharge through the valve. In this mode
the valve acts as the equivalent of a Zener diode and, as such, can be used to protect against
overpressurisation of SIEs.

Multi-modality is achieved through the asymmetric geometry of the valve. The control
pressure always acts on the same surface of the membrane, independent of the operating
mode. The inlet pressure, conversely, acts on different areas depending on the mode. In FOM,
with the valve closed, the area is equal to that of the inlet channel tubing, so the valve can
stay closed, even when inlet and control pressure are equal in value. In ROM, the pressure
acts on the side area of the deformed membrane that is not contacting the bottom of the flow
layer chamber. This change in active area causes the valve to open, even when pin is lower
than pc. In addition, thanks to this multi-modality, it is possible to create an Endogenously
Controlled (EC) soft valve capable of self-tuning operation. This version of the soft valve
is able to generate its own control signal, taking into account the behaviour of the SIE it is
paired with. As a result, the passive burst detection and isolation functionality is achieved
without an external control line being present.

5.3.2 Soft Valve Provides Resilience Against Bursts

Forward operation mode characterisation

In FOM, the valve is positioned between the main pressure source and an SIE and requires
two external signals, inlet and control, at the same supply pressure level ps to operate. Fig.
5.3A shows this configuration, together with the opening and closing conditions for the valve;
while Fig. 5.3B presents an example of one of the burst detection and isolation experiments
used to characterise the valve (see Material and Methods section and Fig. 5.12 for details).
The flow layer is first pressurised, followed by the control layer. As the same pressure ps is
acting on the two sides of the membrane, the valve remains open for further inflation of the
SIE. When a burst occurs (t = 4s), the asymmetric distribution of internal fluidic resistances
causes the pressure underneath the membrane to quickly drop, leading the membrane to
deform and obstruct the inlet, isolating the outlet. The available pressure difference between
the two sides of the membrane depends on the ratio of inlet to outlet resistance within the
soft valve (Fig. 5.21). After the burst, the equilibrium equation for the membrane can be
written as

π

4
[
pc
(
D2 −d2

c
)
−d2 (pc − pin)

]
− f m = 0 ,

where D represents the membrane diameter (Fig. 5.3C), d the inlet channel diameter, dc the
diameter of the contact area between the membrane and the bottom of the flow layer chamber,
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Fig. 5.3 Experimental characterisation of the FOM behaviour. (A) Working principle
of the FOM behaviour and associated conditions for the two states of the valve, open and
closed. (B) Example experiment used to demonstrate and evaluate the switching time of
the valve upon a simulated burst. The beginning and end of the flow rate spike is used to
compute the switching time ∆t. (C) Internal structure of the valve and relevant geometrical
parameters. (D) Comparison of the switching time of the soft valve with different membrane
thicknesses, from 250 µm to 1mm. Error bars in plots indicate the average standard deviation
obtained in the trials. See Materials and Methods for additional details. (E) Switching times
obtained by changing the diameter of the inlet channel d of the soft valve and the supply
pressure. Narrower inlet channels provide reduced flow rate, leading to faster switching
times (∆t < 30ms). (F) Comparison of three different geometries of the valve with different
chamber diameter D and same d = 0.5mm. Narrower D and lower supply pressures translates
into faster, more reactive valves.
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and f m is the elastic force associated with the deformed membrane. The valve then remains
closed until the control signal is removed.

For the valve to operate correctly for burst isolation, it needs quick response time and
a sufficient input impedance. In order to understand the effects of the internal geometry
of the valve, we investigated the effect of the membrane thickness h and both diameters d
and D on the switching time ∆t. As clearly visible in Fig. 5.3D, reaction times improve
slightly at lower supply pressures. For the range being tested, the membrane thickness does
not alter the performance in a significant manner (average p-value of one-way ANOVA
was p = 0.22), with all the valves averaging a switching time of 25.11ms (SD = 1.99ms)
and nearly identical patterns with respect to changes in the supply pressure: the switching
time decreases from 29ms to 23ms on average, going from a supply pressure of 30kPa
to 10kPa. A slight decrease in the standard deviation can be observed as the membrane
thickness increases. This is likely due to slight differences caused by the manual fabrication
steps, which have more impact on the thinner membranes. The use of thicker membranes is
therefore to be preferred, as these are easier to fabricate, grant less dispersion in the results
and are less prone to failure at high pressure values. When comparing different internal
geometries, more pronounced changes can be observed. As to be expected, narrower inlet
channels lead to faster switching times: in the event of a burst, a larger ∆p is formed between
the surfaces of the membrane, due to the increased input impedance. The largest channel
(d = 1.5mm) averaged 27.1ms across the supply pressure levels, compared to 25.8ms of
the thinnest one (Fig. 5.3E). The largest change in performance, though, was observed by
changing the diameter D of the chamber (Fig. 5.3F), with an average difference of 3.64ms
between the fastest (D = 6mm) and slowest (D = 10mm) geometries and an overall 17.6%
improvement (at 30kPa). A smaller diameter D leads to a smaller, more reactive membrane,
but also to a smaller flow layer chamber and less air that has to escape when the burst occurs.

Burst detection and isolation in a five-finger soft gripper

In order to demonstrate the functionality of the valve in FOM, a five-finger elastomeric gripper
was used. As shown in Fig. 5.4, A and B, each finger consists of a Pneu-Net-type actuator
[134] which bends upon inflation. The fingers are connected to a palm that incorporates one
soft valve for each finger, five in total. The valves have D = 6mm, d = 0.5mm, a membrane
thickness h of 500 µm and fit inside a pentagon shaped palm whose edges measure 20mm in
length. All valves are configured in FOM and only two inlets to the system are required: one
for the inflation of the gripper, the other for the pressurisation of the control channel, shared
among all five valves.
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to distribute the actuation fluid. Only one supply and one control channel are needed to
control the gripper and achieve the burst isolation capability, therefore limiting hardware
requirements and control logic complexity. (B) Detail view of the main layers forming the
palm of the soft gripper and their relevant features. (C) Experimental trials demonstrating the
burst detection and isolation capabilities in action. First, the gripper is inflated and isolated
from the supply (1-2). One of the fingers is then burst, but the gripper maintains its grasp on
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glue and then the gripper is reinflated (5-6). Two fingers are then burst, showing that more
than one finger can fail and the fault detection and isolation still works, independently for
each finger (7-8).
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The gripper is inflated and grasps the object at hand, a raw egg in the first case. Meanwhile,
the control channel is pressurised, activating the burst detection and isolation functionality
(Fig. 5.4C, 1 and 2). When one of the fingers contacts a sharp object, it suddenly bursts,
causing its corresponding soft valve to switch and isolate it from the rest of the fingers. As a
result, the remaining four fingers keep their grasp on the object, preventing it from falling
(Fig. 5.4C, 3 and 4). The hole in the faulty finger is then sealed using a thin layer of Sil-Poxy
glue and the gripper is reused to grasp a different object (Fig. 5.4C step 5). This time,
two fingers are punctured, further proving the independence between the fingers, while still
maintaining a firm grasp on the object (Fig. 5.4C,steps 6 through 8).

5.4 Reversed Soft Valve Protects Against Overpressurisa-
tion

Reverse operation mode characterisation

In ROM, the control channel starts out pressurised at pressure ps and the deformed membrane
therefore obstructs the narrow outlet channel (valve closed). The second external input is
represented by the inlet channel, supplied by the same ps. Once pc − pin reaches a threshold
value ∆pth, the membrane cannot obstruct the outlet anymore and the soft valve opens (Fig.
5.5A). Contrary to what happens in FOM, in ROM the equilibrium equation for the membrane
is:

π

4
(pc − pin)

(
D2 −d2

c
)
− f m = 0 .

Fig. 5.5B experimentally captures the ROM behaviour of the soft valve. The control channel
is pressurised, immediately reaching the supply pressure value ps; the inlet channel is then
activated. As the inlet pressure increases, the outlet pressure remains at ambient pressure
level, proving that the outlet is isolated from the inlet. When the condition pc − pin < ∆pth

is reached, the valve opens and the outlet pressure pout suddenly rises, matching pin in
value. The stability of the valve in proximity of the threshold pressure difference was also
verified, checking for any autonomous unintended switching of the soft valve (Fig. 5.22 in
Supplementary Materials).

Fig. 5.5C summarizes the experimental results obtained varying the membrane thickness.
As visible, thicker membranes require lower values of pin, larger ∆pth, for the valve to open,
for the same control pressure. These results can be explained through the superposition of
two effects. Thicker membranes deform less for the same control pressure, leaving more side
area exposed to the effect of the inlet pressure pin. The second effect is that of f m which
increases with the membrane thickness and pressure pc, lowering the threshold pressure
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Fig. 5.5 Experimental characterisation of the ROM behaviour. (A) Working principle
of the ROM behaviour and associated conditions for the two states of the valve, open and
closed. (B) Example experiment used to characterise the behaviour of the valve. When the
outlet pressure jumps to the inlet pressure value, the ∆p between the control pressure and
the inlet pressure is measured and used as the main comparison metric. (C) Comparison of
different membrane thicknesses with D = 10mm and d = 0.5mm. The solid lines refer to the
results in kPa, while the dashed ones are in percentage terms. Error bars in plots indicate the
average standard deviation obtained in the trials. See Materials and Methods for additional
details. (D) Results obtained by changing the chamber diameter D from 6mm to 10mm.
Larger chambers provide more uniform behaviour across the range of supply pressures tested,
making for a better performing valve overall. (E) Comparison of geometries based on the
outlet diameter d. (F) The parameter D− d, the difference between the diameter of the
membrane and that of the outlet channel, is used as the metric to compare all geometries
together. The best performing geometry, minimum of the curves, was obtained with a
difference of 8.5mm.
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needed for the valve to open. A slight upward trend is present in the results, irrespective on
the membrane thickness, but the change in ∆pth is always less than 2.5kPa. The downward
slope observed in the percentage results (obtained as ∆pth

ps
) demonstrates that this increase is

more than compensated by the increase in the corresponding supply pressure. In addition,
thinner membranes show a more uniform, flattened performance across the various supply
pressures: an overall change of 0.7kPa in ∆pth is observed for the 250 µm membrane, while
this increases to 2.4kPa with a 750 µm thick membrane.

When comparing different internal geometries, both D and d have an impact on perfor-
mance (Fig. 5.5, D and E respectively), but a change in the chamber diameter D provides
a larger variation, especially at lower pressure levels: more than 3.5kPa change of ∆pth

when increasing D from 6mm to 10mm, compared to a 1.7kPa change when varying d from
0.5m to 1.5mm. Fig. 5.5F shows a comparison of all the different geometries through the
metric D−d: the diameter of the chamber D is proportional to the contact diameter dc of the
membrane with the chamber, and the diameter of the tubing d represents the critical value for
dc below which the valve is open. As visible in the chart, there seems to be an optimal value
for D− d equal to 8.5mm, with a 500 µm membrane, which minimises both the ∆pth for
each supply pressure level, as well as its variation across supply levels, leading to an overall
better performing ROM configured valve.

The results hint at how the soft valve configured in ROM can be used as a way to sequence
actions based on the inlet pressure level, by setting the control pressure signal. In a more
specialised setting, the valve can be used as a pressure relief solution, to limit the internal
pressure of an SIE to safe levels, therefore providing resilience against overpressurisations
due to control loop problems or external disturbances.

Reverse operation for overpressurisation protection in soft gripper

The ROM-configured soft valve was embedded in an elastomeric two-finger hand to demon-
strate the overpressurisation protection (Fig. 5.6A). Upon actuation, the fingers inflate and
bend, making it possible to simulate a hand shake for human-robot interaction scenarios.
Only one of the fingers has a ROM configured soft valve at its tip (D = 10mm, d = 0.8mm
and a membrane thickness of 500 µm), making it possible to better highlight the effect of
the valve on the behaviour of the gripper. Before the gripper is inflated, the control chamber
of the soft valve is pressurised. As visible in Fig. 5.6B, when a hand is placed close to
the gripper, this is inflated to perform the hand shake. The soft digits are then squeezed,
overpressurising them (Fig. 5.6, C and D). As visible, the finger with the soft valve at its tip
lets the air out, deflating more, the tighter the squeeze. The other finger, conversely, suffers
irreversible damage due to plastic deformation of two of the inflatable membranes at the tip
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Fig. 5.7 The Endogenously Controlled (EC) soft valve. (A) Detailed view of the internal
structure of the two-stage EC soft valve. The main stage at the bottom (D = 6mm, d =
0.5mm, h = 0.5mm) is internally connected to the delay stage at the top (D = 10mm,
d = 0.5mm, h = 0.5mm). Thanks to its self-tuning capability, the valve can generate its own
control signal. As a result, only two ports are open to the environment: the inlet, connected
to the supply, and the outlet, going to the SIE.

(Fig. 5.6E).
Repeating the experiment shows that the behaviour of the damaged finger is compromised:
the tip of the finger over inflates from the start and the bending angle of the digit is reduced.
A second squeeze causes the actuator to burst at the site of the damage (Fig. 5.6F), making
it unresponsive, in contrast to the performance of the finger that has the soft valve at its tip,
which remains unaltered (Fig. 5.6G).

5.4.1 Two-Stage Soft Valve Achieves Endogenous Control and Fault
Isolation

Endogenously controlled soft valve characterisation

When using the soft valves in FOM, one of the challenges that arises at the system level is
knowing when to pressurise the control chamber, as its premature actuation might lead to the
SIE being isolated from the supply. The delay that is required between the pressurisation
of the two channels depends on multiple factors, such as the supply pressure level, the
overall SIE volume, the material properties and the geometry of the SIE. Extensive system
characterisation would be required, and even then, challenges would remain if different SIEs
shared the same control line. To avoid such problems, two soft valves can be combined into a
unit capable of endogenous control signal generation. This behaviour is automatic and does
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not rely on external pressure sensors, valves or a controller, therefore removing the need for
a control channel altogether.

Fig. 5.7 shows a section view of the newly designed Endogenously Controlled (EC) soft
valve. This is created by stacking two of the soft valves in a main stage, at the bottom, and a
delay stage, at the top, operating out of a single supply pressure level. Only two ports are
open to the environment: the narrow bottom one serves as the inlet, while the larger side
port is the outlet, to be connected to a SIE. All other connections are internally routed. The
principle of operation is presented in Fig. 5.8A. The SIE is deflated and both membranes
start out in their relaxed states (both soft valves are open). Upon activation of the inlet
channel (t = 1.0s), the control chamber of the delay stage is immediately pressurised. As a
consequence, the top membrane deforms, closing that valve, initializing the delay stage in
ROM. Meanwhile, the air-flow passes through the FOM configured main stage and reaches
the SIE, whose pressure starts increasing. The increase in main stage control pressure during
this initial phase is due to the slowly increasing outlet pressure, which deforms the main
stage membrane upwards, compressing the air trapped in the control chamber. Once the
outlet pressure reaches the correct threshold value, the delay stage opens, letting the air-flow
through and pressurising the control chamber of the main stage (t ≈ 7.5s). From now on, if a
burst were to occur, the delay stage would turn to FOM and the membrane would switch,
trapping the air present in the control chamber of the main stage. The main stage would
switch too, isolating the faulty SIE from the rest of the system. A main stage with a small
chamber diameter (D = 6mm) and inlet diameter (d = 0.5mm) was selected to get the fastest
FOM behaviour, while a larger chamber diameter (D = 10mm) was used for the delay stage,
to improve ROM behaviour performance.

The change in behaviour of the delay stage happens automatically, being dictated only by
the change in pressure gradient between inflation transient and burst. The delay stage, which
starts out in ROM, is the key to achieving endogenous control, as the control channel of the
main stage gets pressurised only once the pressure in the SIE reaches a high enough level,
independent of SIE volume, geometry or material. In case of voluntary deflation, the control
channel of the delay stage would depressurise first, meaning that the soft valve would not
interfere with the normal behaviour of the SIE.

To prove that the new EC soft valve can be paired with SIEs of any volume, self-tuning
its own operation, valves were manufactured and tested by connecting them to a wide range
of volumes, from 50ml to 1.0l, obtained by partially filling a rigid glass container with
water. Fig. 5.8B shows the behaviour of one valve when supplied at 20kPa. For clarity, only
the outlet and main stage control signals are displayed for all the volumes tested. As the
volume increases, the delay between the initial actuation (t = 1.0s) and the control signal
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Fig. 5.8 Experimental characterisation of the two-stage soft valve. (A) Sample run of
the experiment used to characterise the behaviour of the valve in terms of switching ∆pth
and self-tuned delay time ∆t. In the section views, a darker shade represents higher pressure
values. The ∆pth is measured between the delay stage control pressure and the main stage
outlet pressure when the delay stage opens, while the ∆t is the amount of time elapsed
between the first pressurisation of the inlet channel (t = 1.0s) and the opening of the delay
stage. (B) Comparison of the ∆t obtained with a constant supply pressure of 20kPa, by
changing the accumulator volume. Only the main stage outlet and control pressures are
shown for clarity. Error bars represent the average standard deviation computed as detailed
in the Materials and Methods. (C) Delay ∆t obtained by varying the supply pressure and the
accumulator volume between 50ml and 1.0l. The ∆t increases linearly with the volume from
260ms to 6.0s, proving the self-tuning capabilities of the soft valve. (D) Comparison of the
∆pth obtained by varying supply pressure and accumulator volume. As expected from the
ROM characterisation experiments, for the same volume, the ∆pth increases as the supply
pressure increases. When keeping the supply pressure constant and changing the volume, the
∆pth remains almost constant, proving that the SIE volume only mainly affects ∆t.
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being fully present increases proportionally, from 200ms to 6.8s. At the same time, the
∆pth which causes the delay stage to open remains almost constant. Fig. 5.8C considers
the effect that the SIE volume has on the ∆t between the initial pressurisation of the inlet
channel and the pressurisation of the main stage control chamber. This effect is evident, with
the delay increasing almost linearly from around 260ms to 6.0s as the volume increases
from 50ml to 1.0l. The figure also shows that an increase in the supply pressure has the
effect of increasing the delay ∆t too, and the effect becomes more pronounced at larger
volumes: a 42ms difference is observed for a 50ml volume between 10kPa and 20kPa,
while at 1.0l, the difference becomes 1.7s. Fig. 5.8D, on the other hand, shows that the SIE
pressure needed for the delay stage to open is almost constant and independent of the volume.
The maximum measured difference was less than 1.0kPa between the smallest and largest
volumes, with a supply pressure of 10kPa. Nevertheless, opening ∆pth measured across all
volumes and supply pressure levels are consistent with the results previously obtained for the
ROM configured simple valve (D = 10mm, d = 0.5mm and h = 500 µm).

Fig. 5.9 shows the new EC soft valve achieving self-tuning and burst detection and
isolation when paired with two ballooning soft actuators of different sizes. The self-tuning
capability becomes apparent when comparing the green regions of subfigures A and B. The
small actuator, with a membrane whose diameter measures 12mm before inflation, only
takes 0.4s to fully inflate (Fig 5.9, A and C). As a result of this fast inflation transient, the
delay stage soft valve opens after just 0.16s. Around t = 6.5s, the actuator is burst using a
sharp blade. Following the sudden depressurisation of the outlet, the delay stage switches,
isolating the main stage control chamber from the outlet (yellow line in Fig. 5.9A decoupled
from the red one after the burst). The main stage also closes, separating the inlet pressure,
which remains equal to the supply pressure, from the outlet, which drops to ambient pressure.
As visible in the figure, following the burst, the main stage control pressure stabilizes to
a pressure value intermediate between the supply one and ambient pressure. This value
depends on two factors: the expansion of the control chamber when the main stage switches
and the depressurisation due to the air that escapes from the chamber before the delay stage
has closed. The second experiment, conducted with a larger actuator sporting a 24mm
diameter membrane (Fig. 5.9D), shows a similar pattern, but the actuator has a much longer
inflation transient. As a result of the self-tuning capability of the valve, the internal control
signal is generated after 5.2s. At t = 8.0s, the actuator is burst and the EC soft valve again
successfully detects and isolates the burst. Immediately after the bursts, the drops in pressure
observed in the main stage control chamber between the two experiments are very similar: as
the burst can be considered almost instantaneous, these only depend on the supply pressure
and the specifics of the valve (internal geometry and material properties).
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Fig. 5.9 Automatic burst detection and isolation with the two-stage EC soft valve. (A-B)
Experiments showing the self-tuned delay and burst isolation capability of the EC soft valve.
Two ballooning actuators of different sizes are used to compare the behaviours. (A) With the
small actuator, the threshold pressure needed to open the delay stage is reached in less than
100ms, while it takes around 5.0s with the larger one (B), due to the different pressurisation
transient of the actuator. (C) Experiment showing the inflation and burst isolation with
the small ballooning actuator. The deflated membrane measures 12mm in diameter. (D)
Experiment showing the inflation and burst isolation with the large ballooning actuator
(diameter of 24mm).
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Autonomous burst detection and isolation in a pneumatic soft crawler

The seamless integration of the EC valve in existing soft robots is demonstrated in a soft
crawler, manufactured out of two bellows-type actuators. The actuators share the same supply
line and are periodically inflated and deflated together (Fig. 5.10A), while the crawling
motion is enabled by the asymmetric friction provided by the specific geometry of the
feet. The valves are placed inside the empty volume of the actuators to achieve maximum
compactness and simplify the routing of pneumatic channels. The crawler is supplied with a
pressure of 12.5kPa for 5.5s and then partially deflated for 1.2s, resulting in an actuation
frequency of 0.15Hz (Fig. 5.10B and Supplementary Video 4). The partial deflation of the
actuators decreases the crawling speed, but keeps the internal channels of the EC valves
pressurised. With the actuation sequence just described, the robot achieves an average
crawling speed of 42mm/min (Fig. 5.10C). When the front bellows is suddenly burst using a
sharp blade, the front EC valve switches and isolates it from the supply (Fig. 5.10D). Because
of the partial deflation technique, the pressure in the control chamber of the delay stage does
not disappear, therefore maintaining the front actuator isolated, while the rear one is actuated.
As a result, the robot can keep on crawling at a reduced speed of 21.4mm/min (Fig. 5.10, E
and F). No changes to the control sequence are needed and no sensors are present onboard,
demonstrating the completely passive and autonomous nature of the approach. The robot is
then submerged in water (Fig. 5.10G) to show the absence of air bubbles coming from the
burst actuator, further proving its successful isolation.

5.5 Discussion

The development of soft valves have been instrumental in achieving control of soft robots
without any onboard electronics [129, 104]. Soft valves offer the possibility of low-cost
manufacturing and tailored performance, as well as the potential for monolithic integration,
leading to fully soft robots. To this day, very few works have looked at the possibility of using
these components for anything else other than as logic gates in control units. In this paper, we
presented a multi-modal soft valve featuring endogenous control for resilience of soft robots
through an embodied and passive approach. The valve can be easily integrated into existing
pneumatic soft robotic designs, with small alterations required during the manufacturing
process.

Inspired by innate mechanisms observed in biological systems, this paper explored the
possibility of using soft valves as self-contained units to achieve in situ fault responsiveness,
without controller intervention. The internal geometry of the valve enables multi-modality,
leading to two distinct behaviours: FOM and ROM. In FOM, the soft valve can autonomously
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Fig. 5.10 Automatic burst detection and isolation in a pneumatic soft crawler. (A)
Internal structure of the soft crawler integrating the EC soft valves. Two bellows actuators
form the body of the robot and share the common supply line. The valves were placed inside
of the empty cavities in the bellows to achieve maximum compactness of the design. The
connection between the supply and the front bellows is also internally routed. The periodic
inflation and deflation of the actuators, together with the asymmetric friction provided by the
feet, enable the crawling motion. (B-C) The soft crawler achieves an average moving speed
of 42 mm/min with a supply pressure of 12.5kPa. A 5.5s inflation transient is followed by a
1.2s deflation one, giving an actuation frequency of 0.15Hz. The actuators are never fully
deflated; this reduces the crawling speed, but makes it possible to isolate a faulty actuator,
while the other one keeps working. (D) A sharp blade is used to cut into the side of the
front actuator, bursting it. (E-F) Thanks to the partial deflation technique, the burst front
actuator is kept isolated, while the back one operates normally. As a result of the partial loss
of actuation, the crawling speed is decreased to 21.4mm/min. (G) To prove the successful
isolation of the burst, the robot is submerged in water while still being actuated and no air
bubbles are observed.
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detect and isolate bursts in pneumatic SIEs, reacting to the sudden drop in pressure created
by the burst itself. Experimental characterisation highlighted the effect of critical design
parameters, such as geometry of the inlet channel, on the switching time of the valve, leading
to a design that can consistently isolate burst SIEs in less than 25ms, 8ms faster than
the average duration of a human blink [135]. This capability makes it possible to fabricate
grippers that can maintain their grasp in case one or more fingers burst, with just one common
inlet channel, therefore drastically reducing the need for external hardware (such as tubing,
external valves and sensors) as well as reducing the complexity of the control logic. In
addition, a partial deflation technique similar to that used for the soft crawler can be used to
operate the gripper while maintaining the faulty fingers fully isolated. Swapping the inlet and
outlet channels activates the ROM behaviour, which can be used to protect against accidental
overpressurisation. The importance of such capability is demonstrated in a human robot
interaction experiment. During the experiment, prior to bursting, one of the soft actuators
plastically deforms, leading to irreparable damage. This type of damage irrecoverably alters
the performance of the actuator, with overinflation of the damaged section, but it would not
be detected by material self-healing approaches, as the continuity of the material matrix is not
compromised. The ROM configured valve therefore enables a pre-emptive type of resilience,
as opposed to the more common ex-post one. The threshold value which toggles the valve
can be tuned by varying the control pressure, as well as geometrical design parameters as
demonstrated in the paper. According to the experiments, a difference of 8.5mm between
the diameter of the membrane and that of the inlet channel yields optimum performance for
all supply pressure levels, with a membrane thickness of 500 µm.

One of the common challenges in soft robot control stems from the hyperelasticity of
soft materials which leads to their accentuated nonlinear behaviour upon repetitive inflation.
Successful control usually requires pre-emptive knowledge about the SIEs, achieved either
through numerical modelling or extensive experimental training. This limits the usability
of the valve in FOM, whereas the ROM behaviour is not affected, as the control signal is
always present. By pairing the FOM and ROM valve configurations, we demonstrated the
possibility of creating an endogenously controlled soft valve. This valve can generate its
own control signal, using direct feedback from the SIE it is paired with, without the need for
pre-existing knowledge of the SIE or intervention from an external controller. As a result,
despite only having one inlet and one outlet port, the valve can achieve autonomous burst
detection and isolation, irrespective of the non-linear behaviour or size of the SIE. For this to
happen, the delay stage valve automatically swaps from ROM to FOM when a burst occurs,
further highlighting the importance of the valve’s multi-modality. The absence of an external
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control line makes this pneumatic component a truly self-contained solution for soft robotic
resilience, increasing its usability as a drop-in solution for many soft robotic applications.

Despite the capabilities and advantages, some limitations remain to be addressed. Even
though full integration in the body of soft robots is possible, fabrication currently requires a
number of manual steps which slow down manufacturing and limit accuracy and repeatability.
Additive manufacturing techniques could provide a solution, leading to semi-autonomous or
fully autonomous, monolithic fabrication [129, 104, 130]. A second advantage of additive
manufacturing techniques entails miniaturisation of the design. Currently, the smallest
samples manufactured have D = 6mm, with five such valves tightly packed in the 34mm-
diameter of the soft gripper’s palm. Minimum sizes achieved in this study were constrained
by technological limitations and manufacturing techniques, but further miniaturization efforts
might be needed in order to might be needed in order to exploit the full potential of this
distributed approach to resilience at larger scales. For this, advancements in microfluidic
component design and manufacturing could provide valuable insights [136, 128]. One
drawback of miniaturization might be the reduction of maximum flow rates through fluidic
components, leading to increased delays and consequent negative effect on system dynamics.
Nevertheless, with thoughtful design, we believe that the local distributed control approach
presented in this paper would still be beneficial in reducing reaction times associated with
long and narrow supply lines, characteristic of complex microfluidic systems. In such
systems, minimising the physical distance between logic and actuation is critical in achieving
the fast reaction times needed for critical applications such as burst detection and isolation.

In addition, the soft valve presented in this work can form a unifying platform for
resilient soft robots, by integrating passive pre-emptive fault isolation with material healing
techniques. As discussed, some of the current limitations of approaches based on self-healing
materials entail time to recovery and inactivity during healing. The FOM configured soft
valve responds to these limitations by providing selective deflation and isolation of the faulty
actuator. Pairing the two technologies would result in the creation of soft robots that can
carry on working while their bodies are healing from previous faults. The further inclusion of
fault signalling [137, 55] could lead to the possibility of performing system-level behaviour
change to compensate for the faulty section of the robot, either temporarily, while the system
is healing, or permanently, further improving the overall resilience.

The proposed approach represents an evolution in fluid control of soft robots; a first step
towards taking what so far has been a centralised architecture, with one fluidic controller
managing the whole robot, and transforming it into a distributed architecture, where local
control units autonomously manage the resilience of each SIE. In a way, the valves give hard-
coded primitive responses to the system, independent of the higher-level control logic, meant



5.6 Materials and Methods 81

to protect and preserve the welfare of the system as a whole, similar to the instinctive reactions
humans experience when responding to a threat. Building on responsive mechanisms, more
complex systems can be built where robot units can exchange signals and transfer information,
possibly using fluidics as a medium. The breath and importance of behaviour adaptation
to resilience has been clearly demonstrated by software-based fault-tolerant approaches.
Information sharing will therefore be a crucial step in the development of fluidically controlled
resilient soft robots. In the long term, the inclusion of research on biodegradable self-healing
materials [138, 40, 17] would enable the creation of robots that can maximise their life
expectancy, recovering from multiple faults while carrying out various tasks and, in the
end, degrade and provide resources for other organisms/robots to use. Capitalising on key
intrinsic capabilities of soft robots, such as better adaptation to unstructured environments,
and improving upon them by adding self-preservation mechanisms, a new generation of
life-like bio-inspired machines can be developed, for a more sustainable future.

5.6 Materials and Methods

5.6.1 Fabrication of valves

Single valve fabrication

The soft valve consists of three layers, moulded out of Ecoflex 00-50 (1:1 ratio of parts A and
B, mixed for 3 minutes in an orbital mixer). All moulds are printed in clear resin (Formlabs)
using 50 µm resolution on a Form2 printer. Tubing is cut to length and inserted in the inlet
channel area of the flow-layer mould. The tubing is cut slightly short, and stops about
1mm before entering the flow layer chamber. This is so that the membrane, when deformed,
interfaces with an uninterrupted, smooth, soft surface, therefore maximising sealing potential.
The moulds are prepared by spraying them with Ease Release 200 and the silicon is then
cast and cured at room temperature for 4 hours. Once solid, the flow and control layers are
unmoulded, while the membrane is left untouched, to avoid wrinkling. A small amount of
Sil-Poxy glue is uniformly applied to the surface of the flow layer, which is then pressed onto
the membrane. The pair is then joined to the control layer with in the same way. Again, the
glue is applied to the control layer, not the membrane directly, in order to avoid applying
the adhesive to areas that do not need it, with the risk of locally altering the mechanical
properties of the membrane.
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Fig. 5.11 Structure of the two-stage EC soft valve. The valve consists of seven separate
layers glued together using Sil-Poxy adhesive and two 3D-printed inserts.

Two-stage EC valve

With reference to Fig. 5.11, after moulding, layers 2 and 3 are glued together, as well as layers
4 and 5. Once the glue is set, a syringe needle (external diameter of 1mm) is passed through
the central hole of components 4 and 5, to make sure the channel is free of glue. The pairs are
then joined, gluing together layers 3 and 4. A wide needle is run through the side channels,
cutting the membrane that is obstructing them, and 3D-printed elements, components 8 and 9
(printed using Formlabs’ clear resin on a Form3 printer), are inserted into these. Finally, one
at a time, layers 1 and 7 are added to the stack, completing the fabrication process. As visible
in the figure, the main stage has the following geometric parameters: D = 6mm, d = 0.5mm,
h = 500 µm. For the delay stage, a valve with D = 6mm, d = 0.5mm and h = 500 µm is
used.

5.6.2 Characterisation of the valves

During the characterisation of the soft valves and the demo applications, an Arduino Nano
paired with a custom designed PCB was used to control the setups. In addition, all sen-
sors were sampled at 10kHz using a custom designed data acquisition system capable of
simultaneous sampling on eight channels at 16-bit resolution. The remaining hardware
included five 12Vdc solenoid valves (0520D-DC12V), five pressure sensors (Honeywell
ASDXAVX005PGAA5), a volumetric flow sensor (Renesas FS1012-1100-NG), a peristaltic
pump, two 5.0l accumulators, a flow regulator, a 50ml syringe, tubing (4mm ID) and Tee
tubes. Refer to the next subsections for a detailed guide of the hardware needed for each
experiment.
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Fig. 5.12 Pneumatic test circuit used for the FOM characterisation.

FOM characterisation experiments

The pressure in the accumulator is stabilized to the target pressure and then the pump is
switched off to enable accurate pressure measurements. Valve V1 controls the inlet to the
flow layer of the valve, V2 the outlet, while V3 and V4 manage the inlet and outlet of the
control channel respectively (Fig. 5.12). There are four phases to the experiment: the inlet
channel is pressurised first, followed by the control channel. After two seconds, V2 is opened
to simulate the burst, connecting the main supply with the atmosphere. After a brief initial
discharge of air, the membrane inside the soft valve blocks the flow and isolates the main
supply. This discharge is picked up by the flow sensor present in the circuit and makes it
possible to evaluate the response time of the valve, as detailed in Fig. 5.3B. The time ∆t
required for the valve to isolate the burst is defined by the intersections between the flow-rate
and a threshold line. The threshold value was set to be 10% higher of the output noise of the
flow-sensor at rest. The fourth and last step is to reset the pneumatic circuit by depressurising
the control line. The spikes visible in the flow rate data refer respectively to the initial
pressurisation of the circuit, to the simulated burst, and to the reset of the pneumatic circuit
before the next experiment.

Seven designs were manufactured (three samples for each design) and tested. Four differ-
ent membrane thickness have been produced: 250 µm, 500 µm, 750 µm and 1000 µm. The
inlet channel diameter d was varied from 0.5mm to 0.8mm to 1.5mm (constant membrane
thickness of 500mum), while the chamber diameter D was changed from 6mm to 8mm to
10mm (constant membrane thickness of 500 µm). In addition, the supply pressure level ps

was varied from 10kPa to 30kPa. Each data point in the charts represents the average of 15
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Fig. 5.13 Pneumatic test circuit used for the ROM characterisation.

trials (5 trials for each of the 3 samples per each design). Average standard deviations are
computed using the formula: SD =

√
1/3∗

(
SD2

1 +SD2
2 +SD2

3
)
.

When evaluating whether the membrane thickness had a statistically significant impact
on the switching time, separate one-way ANOVA tests were conducted and the five resulting
p-values were then averaged to get the final one. For each supply pressure value, four groups
were compared, one for each membrane thickness, and each group contained data from all
three samples and all five repetitions (15 data-points in total in each group).

ROM characterisation experiments

Similar to the FOM experiments, the pressure is stabilised in the tank and then the pump
is switched off. Valve V1 manages the inlet to the soft valve, V2 the outlet, V3 allows
the pressurisation of the control channel and V4 its deflation (Fig. 5.13). A 35ml volume,
together with a flow regulator are used to slow down the pressurisation of the inlet channel
and allow for more precise measurements. One could think of these as the SIE connected
to the soft valve. The same membrane thicknesses and internal geometries as before are
used. Each experimental trial consists of 3 phases. Valve V3 is first opened, pressurizing the
control channel. V1 is opened one second later, letting air into the main channel of the soft
valve. When the pressure at the inlet of the soft valve reaches a threshold value dependent
on the value of pc, the valve opens and the outlet channel is pressurised. At that instant,
the difference between the control pressure and the inlet pressure determines the opening
∆p = pc − pin for the valve in those conditions. The last phase consists in the reset of the
circuit for the next trial. The main inlet valve is closed, the control channel is depressurised
and the outlet valve is opened. Finally, after 3,s, the outlet valve is closed.
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Fig. 5.14 Pneumatic test circuit used for the EC soft valve characterisation.

Two-stage valve characterisation

For the characterisation of the EC soft valve, only two external valves are needed: V1 controls
the main inlet, while V2 the outlet (Fig. 5.14). A 5l glass container, partially filled with
water, is used as the varying SIE volume. Three samples of the soft valve were manufactured
and tested at three different supply pressure levels: 10kPa, 15kPa, 20kPa. Five trials were
carried out for each supply pressure level and actuator volume and the results were then
averaged. The actuator volume was varied from 50ml to 1.0l to cover a wide range of soft
robotics applications and better highlight the self-tuning capability of the soft valve.
During each experiment, valve V1 is opened and kept open for a duration of time that is long
enough for the actuator volume to reach the supply pressure level. V1 is then closed and V2
is opened to depressurise the actuator and the soft valve, resetting the circuit for the next run.

5.6.3 Fabrication of the robots

Fabrication of the 5-finger gripper

All elements are cast out of Ecoflex 00-50 (for preparation, refer to the valve manufacturing
process) and bonded together using Sil-Poxy glue. Each finger is a Pneu-Net-type actuator
composed of two layers, while the palm of the gripper, which contains five soft valves, is
made out of four different layers (Fig. 5.15A). The moulds for the Pneu-Net fingers were
printed in PLA on a Prusa Mk3S printer, while those for the palm were manufactured out of
clear resin on a Form2 printer.
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Fig. 5.15 Manufacturing of the soft grippers. (A) Structure of the five-finger soft gripper
and detailed view of the layers constituting the palm embedding the soft valves. (B) Detailed
view of the assembled two-finger hand.

Tubing is placed in the relevant areas of the moulds before casting the silicon and then
the layers are glued together one by one. The palm is then tested to make sure that all the
channels are unobstructed, before gluing the pre-assembled soft fingers in place, one at a
time.

Fabrication of the 2-finger hand

The procedure is similar to the one followed for the 5-finger gripper. The moulds for the
palm and the finger are printed out of PLA on a Prusa Mk3S, while for the valve clear resin
was used on a Form2 printer. The moulds are prepared by placing the tubing to create the
internal channels and then spraying with a releasing agent. There are four main elements
to the design: the palm, the two fingers and the ROM configured valve (Fig. 5.15B). The
fingers and the valve are assembled first and then the fingers are bonded to the palm. The
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Fig. 5.16 Manufacturing of the soft crawler. (A) Moulds necessary for the manufacturing
of the robot. The bellows actuator moulds are printed in four separate pieces for ease of
printing and demoulding. (B) Detailed view of the assembled robot.

gripper and the valve are tested to make sure that all channels are working correctly, finally,
the valve is added at the tip of the soft finger which has the control channel.

Fabrication of the soft crawler robot

To create the soft crawler, two EC soft valves are manufactured following the technique
previously described. With reference to Fig. 5.16, the moulds for the bellows actuators, the
feet, the distribution layer and the cap are 3D-printed out of PLA on a Prusa Mk3S. All
moulds are sprayed with release agent before casting the Ecoflex 00-50 silicone. The moulds
for the feet are partially filled, the wiper inserts, printed in clear resin on a Form2 printer, are
then laid in place before resuming the casting of the silicone.

After the Ecoflex is set, the front EC valve is bonded to the rear bellows actuator using
Sil-Poxy glue. The front bellows is then glued to the rear one, while the rear EC valve is
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Fig. 5.17 Pneumatic circuit for the control of the 5-finger soft gripper.

bonded to the cap. The connection between the front EC valve and the distribution layer is
then routed, before the cap, bearing the rear EC valve, is connected to the rear bellows using
Sil-Poxy. After testing each actuator individually, the distribution layer is glued in place,
followed by the feet.

5.6.4 Control and characterisation of robots

Burst isolation in a five-finger soft-gripper

For the fault isolation in a five-finger soft gripper, the circuit of Fig. 5.17 was used. Four
valves are needed to control the pressurisation and depressurisation of the fingers and the
control channel respectively. The inlet valve V1 is opened for 10s, to inflate the gripper
(ps = 15kPa). Valve V3 is then opened to pressurise the control channel. This staggered
actuation of the channels is needed to avoid prematurely isolating the actuators from the
supply. After 2s both V1 and V3 are closed, fully isolating the gripper from the supply. One
or more fingers are then repeatedly burst using a knife to showcase the burst detection and
isolation capability.

Overpressurisation protection in soft hand

For the overpressurisation protection experiment, the circuit of Fig. 5.18 is needed. Valve V2
and V3 control the inflation of the two soft fingers. Valve V1 manages the control channel of
the soft valve connected to one of the soft fingers, while V4 acts as the common deflation
channel. The two soft fingers are managed independently for demonstration purposes. In
real world applications, both fingers would have a soft valve at the tip and only one supply
and one control lines would be required. During the experiment, V1 is opened and closed
after 2s (ps = 20kPa). The fingers are then inflated. Pressure sensor P1 is used to isolate the
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Fig. 5.18 Pneumatic circuit for the control of the 2-finger soft hand.

gripper from the supply when the pressure in the fingers reaches a value which, according to
the ROM characterisation experiments, is not enough to trigger the opening of the soft valve
for the control pressure used. This setup makes it possible to only use one supply pressure
level, instead of separate ones for control pressure and inflation pressure. When the pressure
in the fingers drops below the a threshold value of 12kPa, valves V2 and V3 are opened
again, triggering the reinflation of the gripper.

Burst isolation in soft crawler
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Fig. 5.19 Pneumatic circuit for the control of the soft crawler robot.

The inflation and deflation of the robot are managed through valves V1 and V2 (Fig. 5.19).
The repeating actuation sequence has a period of 6.7s. The robot is connected to a supply
pressure of 12.5kPa for 5.5s and then deflated for 1.2s. The partial deflation maintains
the delay stage control chambers of the EC soft valves pressurised, making it possible to
maintain the burst actuator isolated, while still controlling the other one. The geometry of
the feet is fundamental to achieve asymmetric friction during the inflation/deflation transient,
enabling the crawling motion. Various angles, from 5deg to 30deg were tested, with the
optimal performing one being 7deg. The clear resin wiper inserts further reduce friction
during the dragging forward of the foot, increasing the overall efficiency of the movement.
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5.7 Supplementary Materials

This section contains additional results referenced in the previous sections of the chapter and
meant to provide further insights on the behaviour and modelling of the soft valve in its two
modes of operation.
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Fig. 5.20 Decoupling action of the valve. (A) Pneumatic circuit used for the experiment.
The test sample is a version of the soft valve with d = 0.5mm and D = 10mm, without
the membrane and the control layer. A pressure measurement port is used to measure the
pressure in the flow chamber, at the exit of the inlet channel. (B-D) Experiments that show
the decoupling effect that, upon a burst, the inlet channel resistance has. The inlet valve V1
is opened at t = 1.0s. The outlet valve V2 is opened at t = 2.0s to simulate a sudden burst;
the outlet pressure immediately drops to almost ambient pressure levels, whereas the inlet
pressure remains close to the supply pressure value. The decrease in inlet pressure from 2.0s
onwards is due to the 5.0l tank discharging through the soft valve and V2.
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Fig. 5.21 Zero-order model of the FOM valve connected to a soft actuator. This simplified
model neglects the effect of the supply line. A burst in the actuator can be assimilated to a
sudden short circuit which forces the outlet pressure pout to ambient pressure level. Point X in
the circuit represents the inside of the flow layer chamber, while rin and rout are respectively
the inlet and outlet resistances of the soft valve. Cact is the capacitive effect associated with
the soft actuator, while Cch is that of the flow layer chamber, negligible compared to Cact .
The Hagen-Poiseuille law can be applied as the air-flow in the system is fully laminar: the
maximum estimated Reynolds number is Re = 61, with a flow rate of 2Nl/s. As a result,
assuming a constant chamber diameter D = 10mm, it is possible to estimate the pressure
underneath the membrane for the various designs that were tested in the study. After a burst,
the pressure pX varies from 51% of the inlet pressure, with the widest inlet channel, to just
1.3% of the inlet pressure, when d = 0.5mm.
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Fig. 5.22 Stability of the ROM behaviour. (A) Pneumatic test circuit used for the experiment.
(B) The dashed lines refer to an experiment where a soft valve (D = 10mm, d = 0.5mm,
h = 500 µm) is tested using the ROM procedure as detailed in the Materials and methods
section and ps = 30kPa. As visible, when the inlet pressure reaches the threshold pressure
for the valve to open (back dashed line), the outlet pressure instantly jumps to the inlet
pressure value (valve open). The solid lines refer to an experiment where the external inlet
valve is closed right before the soft valve inlet pressure reaches the ROM switching threshold
for the valve. The external valve is then kept closed for 10s during which the soft valve
remains closed (no relevant changes were observed in the outlet pressure). The external inlet
valve is then reopened and, once the soft valve inlet pressure reaches the threshold value,
the outlet pressure jumps to the inlet pressure value (soft valve open), highlighting how the
ROM switching is a pressure-based phenomenon and not a time based one.



Chapter 6

Discussion

6.1 Conclusions

Hybrid rigid-soft and fully soft robots have been largely investigated in the past two decades
as possible replacement for traditional rigid robots. Their inherent compliance and low-
cost fabrication makes them ideal candidates for a number of applications such as human
robot interaction, medical and implantable robots, marine and space robots. In addition, the
introduction of smart and composite materials has enabled the development of robots whose
physical body represents both sensors and actuators, without neat distinction between the
two, as typically seen in traditional machines. Despite their interesting capabilities, for soft
robots to see widespread adoption and replace their traditional, rigid counterparts in everyday
applications, some critical challenges have to be overcome. Among these, resilience remains
a crucial, yet understudied problem.

The ability to cope with faults has been a core subject of research in autonomous systems
since the dawn of digital technologies and control theory. Hardware redundancy, which
constitutes the basis for fail-safe systems, has been widely adopted in critical subsystems
for high-risk applications such as aviation and space exploration. Pushed to its limits, this
concept led researchers to the development of reconfigurable systems, where robots are
made out of a finite number of types of modules, so that, when one becomes faulty, another
one can take its place to preserve operation. With the advent of more powerful, low-cost
micro-controllers and microprocessors and the goal of reducing system cost and complexity,
novel approaches have been developed, that do not require hardware redundancy. These,
classified as fault-tolerant techniques, use adaptation at the controller level, and sometimes
partial hardware reconfiguration, to maintain the system in operation after the fault. As no
redundancy is present, the system’s performance will be impacted by a fault, but the impact
can be limited, through masterful changes in the control algorithm. One of the limitations
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of these approaches, the need for a detailed model of the system, has been overcome in the
past two decades by data-driven and machine learning approaches, at the expenses of longer
training time and computational cost.

When trying to adapt some of these techniques to soft robots, a number of challenges
emerge; most importantly, the high non-linearities inherent to the mechanical behaviour
hyperelastic materials and the large number of degrees of freedom. In addition, with the
goal of achieving fully soft, electronics free robots, new paradigms have to be introduced,
that do not rely on traditional rigid sensors and other hardware. Self-healing materials have
shown great potential in this respect, by exploiting reversible chemical bonds to achieve
reconstitution of the material matrix, without the need for models of the system, sensors or
controllers. Nevertheless, human intervention is often needed for the process to be successful,
as well as external stimuli to trigger or speed up the healing cycle. In the case of fluidically
actuated robots, that require pressurised enclosed volumes to operate, healing can only occur
if the internal pressure is removed, so that no actuation fluid is leaking out of the faulty
section of the robot. As healing takes time, from minutes to days, this translates into long
down times for the robots.

This thesis explores the field of soft robotic resilience first through a more traditional
software-based technique and then by taking an embodied approach. In Chapter 3 a flexible
extendable robotic implant, the FERI, is used to test a data-driven fault detection and
identification framework. As the robot is meant to be coupled to soft tissue and promote
tissue regeneration through mechanostimulation, a soft tissue simulator was also developed,
to try to closely replicate the interaction between the implant and the tissue it operates on.
The growth of the tissue over a long period of time introduces challenges linked to the
absence of a steady state condition for the robot and consequent relative drift in the sensors’
signals. The compliance of the robot, granted by the flexible rack that connects the two
mirror units together, is exploited to gain understanding about the state of the system for fault
detection purposes. In addition, to make up for the partial lack of redundancy in information,
an active identification strategy is presented, where the robot monitors its sensors during a
partial retraction and re-elongation using only its force sensors. At the end of the transient,
the Pearson Correlation Coefficient between pairs of sensors is used to establish which sensor,
between the encoders and the flex sensor, is the faulty one. Overall, the approach exploits
the understanding of the mechanics of the FERI, to devise a straightforward, data-driven
fault detection and identification process. The data-driven nature of the framework means
that similar techniques can be expanded to other, potentially more complex systems, without
the necessity for their precise mathematical modelling. In addition, the work in the chapter
highlights the possibility of using custom designed and tuneable physical tissue simulators
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as a way of reducing pre-clinical animal trials, meanwhile providing physiologically relevant
solutions for the training and testing phases of the robotic implants. Some limitations
that emerged during the study closely follow those highlighted for machine learning based
approaches in traditional rigid robots. In particular, the need for extensive training, either in
simulation or in the real world. This requirement is particularly taxing for applications where
very limited information is available on the operating environment of the robot, which is the
case of medium and long-term robotic implants. Physical simulators, like the one presented in
the chapter, represent a viable solution, but a complete replication of the interaction between
the robot and its surrounding environment is yet to be achieved. The need for sensors in
order to perform the fault detection and identification, leads to concerns regarding feasibility
for high degrees of freedom systems, both in terms of hardware requirement and placement
as well as computational effort. In addition, being the technique software based, it requires a
transduction from the fluidic realm typical of many soft robots, to the digital one, making it
less relevant for the development fully soft resilient machines.

The development of the fully soft valve for burst detection and isolation presented in
Chapter 4 represents a first of its kind attempt at replicating embodied consistency based
fault detection in pneumatic soft robots. In doing so, it exploits the fundamental principle of
the framework developed for the FERI to create a physical self-sufficient computational unit.
Designed to be used in systems where multiple actuators share the same supply line, the valve
internally senses the difference between the pressure in the soft actuator it is connected to
and the supply pressure and, when this difference surpasses a threshold level, the valve shuts
itself off, isolating the faulty actuator. As the entire process is passive, no additional sensors
or controller intervention is needed. In addition to providing an equivalent counterpart for
a software-based approach, and providing a way of avoiding fault propagation, the soft
valve represents an attempt to overcome one of the main limitations of self-healing materials
applied to pneumatic soft robots, that is the need for selective deflation of the faulty actuator.
As a result, the valve can be used to maintain the rest of the soft robot inflated and functioning
while isolating the burst actuator, either temporarily, while this is healing, or permanently, if
healing fails.

Chapter 5, further elaborates the concept of embodied resilience through the use of
soft valves by developing a multi-modal design as a stepping stone towards the creation
of an endogenously controlled soft valve. The two distinct behaviours, FOM and ROM,
exhibited by the valve are enabled by swapping inlet and outlet, without changes to the
internal structure. The same valve can be used either to detect and isolate bursts, in a
resettable fuse-like behaviour, or to protect soft robots against overpressurisation, as a Zener
diode would protect electronic circuits against overvoltage. In addition, both behaviours are



96 Discussion

demonstrated by fully embedding the valves in soft robots, at the manufacturing stage. The
combination of two valves together creates a unit capable of generating its own control signal
for passive burst detection and isolation. Thanks to this evolution, the valve works without an
external control line being present, leading to a simplification of the system. In addition, the
self-tuning capability, which enables the endogenous control, means that the same valve can
be used with actuators independent on their size or behaviour during inflation. Despite only
a limited range of supply pressures and one material have been used during the study, the
working principle should scale to higher pressure values together with stiffer materials. As a
result, the EC soft valve represents a fully self-contained drop-in solution for burst detection
and isolation in pneumatic soft actuators. As no externally actuated control line is present,
no modifications to the control algorithm of the soft robot are needed, further simplifying its
integration into existing soft robotic designs.

Fig. 6.1, presents a qualitative comparison of the three main types of robotic resilience
techniques and compares them with the embodied one based on the use of soft valves. The
criteria used for the analysis try to highlight strengths and weaknesses of each approach,
while making the comparison as complete as possible. A qualitative representation was
chosen due to the very limited availability of common quantitative metrics across studies and
research fields. The scores in each criterion were assigned based on the perceived average
performance of the most representative studies for each approach to robotic resilience.
Redundancy-based resilience faster response times, compared to other methods, and perfect
recovery after a fault are achieved at the expenses of hardware requirements (and therefore
system costs), which limits the scalability of the approach. This is why, in most cases, only
particularly critical sub-systems are made redundant into larger assemblies. In contrast,
software-based fault tolerance tries to overcome this problem by exploiting functional
adjustment at the expense of more complex control software and computational effort.
The recovery after a fault is usually only partial and the response time is made longer by
the need to find an alternative control law to adjust for the faulty component/s. The gains in
terms of reduced hardware costs are non-negligible though. In addition, this type of resilience
makes it possible to create robots that have the potential to cope with a wider spectrum of
faults, that might not have been accounted for through sheer hardware redundancy, making
them more adaptable in unknown environments. Challenges still remain with respect to
scalability to high degrees of freedom systems, mainly in terms of computational complexity,
limiting its applicability in the realm of soft robotics. On the opposite end of the spectrum,
self-healing materials do away with hardware redundancy and software and purely rely on
material properties for resilience. This change in perspective, from the system overall, down
to the individual molecules, leads, in theory, to the most scalable approach. At the time of
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Fig. 6.1 The spider charts highlight strengths and weaknesses of the three state-of-the-art
forms of resilience and the embodied approach based on soft valves. The scores in each
criterion were assigned based on the perceived average performance of the most representative
studies for each approach to robotic resilience. The bottom image combines the latter with
self-healing techniques and visually suggests how these together could provide a valuable
alternative to software-based fault-tolerance.
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this study, the main limitations revolve around the overall response time and probability of
recovery, as explained earlier. with respect to the future, concerns remain when multiple
functional materials are needed in a design: the state-of-the-art self-healing approaches seem
to target monolithic robotic designs. A recent exception presents a Pneu-Net finger assembly
consisting of two sub-assemblies with different electrical properties, but the bulk material
is still the same [137]. Finally, the embodied approach presented in this thesis capitalises
on fast response time and a high degree of autonomy. The scalability is not as good as
self-healing materials, but through miniaturization and additive manufacturing, it has greater
potential than the traditional paradigms developed for rigid robots. In addition, compared
to self-healing materials soft valves enable the possibility of preventative reactions to avoid
faults altogether, as demonstrated by the multi-modal design of Chapter 5.

6.2 Future works

The main limitation of the reactive approaches presented in the thesis is the lack of inherent
regeneration capabilities: the valves can be used to try and prevent fault, or isolate one
when this occurs, but no long-term regeneration is present that can take the robot back to
its fully-functioning state. This limitation can be overcome, though, through the addition
of self-healing capabilities, as shown in the bottom chart of Fig. 6.1. This development
should represent a natural and straightforward evolution of the two technologies, leading
to immediate increased impact and applicability of both. The valves only require one
material, therefore aligning with the monolithic fabrication techniques common for self-
healing robots. In addition, as demonstrated in Chapter 5, it is possible to embed the valves
at the manufacturing stage, with minimal changes to the structure of existing soft robotic
designs, providing the foundation for a unifying approach to pre-emptive and material
healing-based resilience of soft robots.

A second avenue of research consists in the possibility of feedback/signalling of the faults
to the controller or adjacent parts of the system. This would enable the possibility for the
system to adopt large scale changes in behaviour to try and maximise performance after a
fault, while protecting the area that would be in the process of healing, behaviour similar to
that adopted by living creatures when dealing with minor injuries. This feedback could be
achieved through the use of conductive polymers to sense the deformation of the internal
membranes of the valves. This information could then be used by the controller to decide
which behaviour to adopt. In the long-term, with the goal of creating resilient electronic-free
soft robots, chemical signalling could be used to achieve analogous results, taking inspiration
from hormonal responses seen in humans.
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The combination of approaches, on top of expanding the resilience with novel, unique
capabilities, also provide a form of redundancy that, unlike the traditional one, is not rooted in
hardware, but in available strategies to deal with the same problem. As such, these two further
developments, self-healing and system-level signalling and adaptation, could finally lead to
the creation of truly bio-inspired soft robots capable of mimicking the resilient behaviours of
living creatures together with their regenerative capabilities. Thanks to these developments,
important advancements could be made in safety-critical fields such as space exploration,
robotic implants and search and rescue, all of which require robots to be resilient and possess
good adaptation capabilities. Furthermore, they would fast-track the widespread adoption of
soft robots for everyday human robot interaction, without the need for controlled and safe
environments to maximise the life expectancy of the robots.
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